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Abstract
The flow-sound interaction mechanism of a single finned cylinder in cross-flow is exper-
imentally investigated and compared to that resulting from an equivalent bare cylinder.
The flow field changes that result from the fins are captured by flow measurements and
numerical simulations in order to be correlated to the observed acoustic resonance exci-
tation. It is observed that the finned cylinders experience an earlier acoustic resonance
and higher levels of acoustic pressure compared to their equivalent bare cylinders. This
suggests that adding fins to the cylinder changes the flow field in a manner that makes
it more susceptible to acoustic excitation. Flow measurements show that the vortex
shedding process becomes stronger in the case of finned cylinders and the spanwise flow
coherence is enhanced. The stronger vortex shedding process and coherent flow field
promote the occurrence of the acoustic resonance and increase the observed noise levels.
The acoustic resonance excitation is found to be significantly dependent on the fin spac-
ing and thickness, which is explained by the impact of these fin parameters on the wake
structures.
Numerical simulations of the flow field downstream of the finned cylinders show that
the fins lead to an organized flow structure, which is attained by concentrating the flow
energy in the large-scale vortices and reducing the small-scale hair-pin vortices. This
leads to the reduction of the vortex formation region in the near-wake of the cylinder,
which subsequently increases the dynamic loading on the cylinder. The effect of the
cylinder’s aspect ratio on the acoustic resonance excitation is also investigated using the
same analysis. It is shown that the finned cylinder provides a coherent flow field that
is not affected by the aspect ratio, and hence, its acoustic resonance excitation levels
increase with the increase of the cylinder’s length. On the other hand, the bare cylinder
exhibits a significant stretching in the vortex formation region with the increase in the
aspect ratio. Therefore, the acoustic resonance excitation levels for the bare cylinder
decrease with the increase of aspect ratio.
ii
Dedication
To everyone out there:
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should be wise to withhold judgement and not simply put your trust in the writings of
the ancients. You must question and critically examine those writings from every aspect.
You must submit only to argument and experiment and not to the sayings of others. For
every human being is vulnerable to all kinds of imperfections. As seekers of the truth, we
must also question our own ideas as we perform our studies to avoid falling into prejudice
or careless rational. Take this course and truth shall be revealed to you.”
AlHasan Ibn AlHaytham
Founder of the modern scientific
methodology




I would like to express my deepest gratitude to my supervisor, Dr. Atef Mohany, for
his continuous guidance and support. His valuable mentorship and remarks made this
work possible as well as making my graduate years the most fruitful years of my life. I am
also thankful for him for making these years very enjoyable on both of the professional
and personal sides and for equipping myself and my colleagues with a solid background
in the Fluid-Sound-Structure interaction field. Also, I would like to thank my supervi-
sory committee, Dr. Ibrahim Dincer and Dr. Lixuan Lu for their time and support. I
really appreciate the financial support provided by the Natural Sciences and Engineering
Research Council of Canada (NSERC) and Province of Ontario for supporting me with
the Ontario Graduate Scholarship (OGS).
Special thanks to all of the members of the Aeroacoustics and Noise Control Lab-
oratory for the worthy discussions and help during this work. Special regards goes to
Mahmoud Shaaban, Omar Afifi, Moamen Abdelmwgoud, Omar Sadek, Mohamed Alzi-
adeh, Karim Sachadina, and Ahmed Omer. They have created a very friendly working
environment that I have enjoyed every day. I sincerely hope the best for all of them.
Finally, I would like to thank my family, my parents, brothers, and sister who always
checked on my progress from overseas. I really wish to thank my wife and life partner,
Eman, for her everlasting love, care, and support. She and my son, Adam, always






Table of Contents v
Nomenclature ix
List of Tables xi
List of Figures xii
1 Introduction 1
1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Scope of the Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2 Literature Review 5
2.1 Vortex Shedding Process Downstream of a Single Cylinder . . . . . . . . . . 5
2.1.1 Wake structures downstream of a bare cylinder . . . . . . . . . . . . 10
2.1.2 Numerical simulations of vortex shedding process downstream of a
cylinder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
v
2.1.3 Alteration of the vortex shedding process by surface modifications . 20
2.2 Effect of Fins on the Vortex Shedding Process . . . . . . . . . . . . . . . . . 22
2.2.1 Frequency of the vortex shedding process . . . . . . . . . . . . . . . . 22
2.2.2 Strength of the vortex shedding process . . . . . . . . . . . . . . . . . 28
2.3 Spanwise Flow Coherence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.3.1 Effect of fins on the spanwise flow coherence . . . . . . . . . . . . . . 36
2.4 Generation of Aerodynamic Sound . . . . . . . . . . . . . . . . . . . . . . . . 38
2.5 Flow-Excited Acoustic Resonance . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.5.1 Effect of flow coherence on the flow-excited acoustic resonance . . . 49
2.6 Summary and Research Needs . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3 Experimental Setup 54
3.1 The Test Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2 Acoustic Measurements Technique . . . . . . . . . . . . . . . . . . . . . . . . 58
3.3 Flow Measurements Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.4 Tested Cylinders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.5 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4 Flow-Excited Acoustic Resonance of Finned Cylinders 69
4.1 Aeroacoustic Response of a Single Bare Cylinder . . . . . . . . . . . . . . . . 69
4.2 Flow-Excited Acoustic Resonance of a Single Finned Cylinder . . . . . . . . 76
4.3 Effects of Fin Parameters on the Acoustic Resonance Excitation . . . . . . 79
4.3.1 Effect of fin spacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.3.2 Effect of fin thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5 Flow Structures Downstream of Finned Cylinders 90
5.1 Velocity Spectra Downstream of Bare and Finned Cylinders . . . . . . . . . 91
5.1.1 Effect of fin parameters on the velocity spectra . . . . . . . . . . . . 93
vi
5.2 Wake Structures Downstream of Bare and Finned Cylinders . . . . . . . . . 94
5.2.1 Effect of fin parameters on the vortex shedding strength . . . . . . . 100
5.3 Flow Coherence Downstream of Bare and Finned Cylinders . . . . . . . . . 101
5.3.1 Effect of fin parameters on the flow coherence . . . . . . . . . . . . . 108
5.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6 Numerical Simulations of the Flow Structures Downstream of Finned
Cylinders 116
6.1 Simulation of the Wake Structures Downstream of Bare and Finned Cylin-
ders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.1.1 Meshing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.1.2 Model validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
6.2 Comparison of the Wake Structures of Bare and Finned Cylinders . . . . . 125
6.3 Effect of Fin Parameters on the Wake Structures . . . . . . . . . . . . . . . . 137
6.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
7 Effect of the Cylinder’s Aspect Ratio on the Acoustic Resonance Exci-
tation Levels 151
7.1 Comparison with Results from the Literature . . . . . . . . . . . . . . . . . . 152
7.2 Effect of Aspect Ratio on the Acoustic Resonance Excitation . . . . . . . . 154
7.3 Effect of Aspect Ratio on the Vortex Formation Region . . . . . . . . . . . . 159
7.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
8 Conclusions 165
8.1 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
8.2 Research Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
8.3 Recommendations for Future Work . . . . . . . . . . . . . . . . . . . . . . . . 168








CD Coefficient of Drag force
C ′L Coefficient of fluctuating lift force
D Cylinder diameter (m)
De Effective diameter (m)
Df Outer fin diameter (m)
Dr Fin root diameter (m)
fa Frequency of the first natural acoustic resonance cross-mode (Hz)
fv Vortex shedding frequency (Hz)
H Test section height (m)
h Fin height (m)
M Mach number
p Fin pitch (m)
P Acoustic pressure (Pa)




s Fin spacing (m)
t Fin thickness (m)
U Flow velocity (m/s)
Ur Reduced flow velocity
u′ Velocity perturbation (m/s)
u, v,w Velocity components (m/s)
W Test section width (m)
X,Y,Z Spatial coordinates system (m)
ix
Greek letters
ε Strain tensor rate
λ Correlation length (m)




3.1 Dimensions of the tested straight finned cylinders. . . . . . . . . . . . . . . . 67
5.1 Summary of the correlation length values, λ/De, for different finned cylinders.112
xi
List of Figures
2.1 Flow visualization of the vortex street past a cylinder at Reynolds number
of 140, picture courtesy of Van Dyke [1]. . . . . . . . . . . . . . . . . . . . . . 6
2.2 Flow entrainments behind the cylinder, (a) is the entrainment developing
the wake, (b) is the shear layer, and (c) is the circulated flow, Gerrard [2]. 7
2.3 The relation between Strouhal number and Reynolds number. The figure
is reproduced from Lienhard [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Regimes of separated flow structure behind single cylinder subjected to
uniform flow. The figure is reproduced from Lienhard [3]. . . . . . . . . . . 9
2.5 Schematic drawings of the different vortex shedding modes, Williamson [5]. 11
2.6 Strouhal number versus Reynolds number over the laminar to three-dimensional
transition region, Williamson [5]. . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.7 Base suction pressure coefficient versus Reynolds number for the case of a
single cylinder, Williamson [5]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.8 Flow visualization of the vortex shedding patters downstream of a cylinder
showing (a) Mode A instability at Re = 200 and (b) Mode B instability at
Re = 270, Williamson [5]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.9 Spanwise instability wavelength versus the Reynolds number for Mode B
instability, Wu et al. [10]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.10 Instantaneous representation of the streamwise vorticity downstream of a
circular cylinder at Re = 10,000, Lin et al. [15]. . . . . . . . . . . . . . . . . . 16
xii
2.11 DNS Flow visualization of the vortex shedding process downstream of a
cylinder showing the two vortex shedding modes, Mode A (top) and Mode
B (bottom), Thompson et al. [20]. . . . . . . . . . . . . . . . . . . . . . . . . 18
2.12 Mode A to Mode B transition shown by isosurface of streamwise vorticity,
Mode A at Re = 200 (top), transition at Re = 250 (middle), Mode B at
Re = 300 (bottom), Labbe and Wilson [24]. . . . . . . . . . . . . . . . . . . . 19
2.13 Effect of cylinder’s spanwise length on the vortex shedding modes, Labbe
and Wilson [24]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.14 Instantaneous representation of the streamwise vorticity downstream of a
circular cylinder equipped with helical strakes, Chyu and Rockwell [28]. . . 21
2.15 Distribution of time-averaged velocity along the wake centreline, Lin et al.
[27]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.16 (a) Contours of the velocity fluctuations behind the finned cylinder and
(b) the frequency spectra for bare and finned cylinders, Hamakawa et al.
[33]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.17 Frequency versus the upstream flow velocity for bare and spiral finned
cylinders, p/D is the fin pitch to diameter ratio, Hamakawa et al. [33]. . . 25
2.18 Variations in the frequency peaks for different free stream velocities for
several cases of spacing-to-diameter ratio (s/D), BT1 indicates a bare
tube with a diameter equal to the root diameter of the finned tubes while
BT2 indicates a tube with a diameter equal to the outer fins diameter,
Hamakawa et al. [34]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.19 Strouhal number versus diameter-to-spacing ratio (D/p) for finned cylin-
ders, Mair et al. [35]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.20 Strouhal number based on the effective diameter versus the diameter-to-
spacing ratio (D/p) for finned cylinders, Mair et al. [35]. . . . . . . . . . . . 27
xiii
2.21 Strouhal number based on the effective diameter versus the Reynolds num-
ber for several finned cylinders; ●, s/D= 0.19; △, s/D = 0.13; ◇, s/D=
0.095, Ziada et al. [36]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.22 Strouhal number based on the effective diameter versus Reynolds number
for several finned cylinders, Hamakawa et al. [34]. . . . . . . . . . . . . . . . 29
2.23 Various aerodynamic means for interfering with the vortex shedding (i)
surface protrusions (a) omnidirectional and (b) unidirectional, (ii) shrouds,
and (iii) near wake stabilizers. (+) effective and (-) ineffective, Zdravkovich
[25]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.24 Vortex shedding component across the wake of, ●, bare and finned cylinder
(twisted serrated fins) with fin density of, ◾, 3.5; △, 5; and ×, 7 fins/inch,
Ziada et al. [36]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.25 Vortex shedding component across the wake of, ◾, bare and, ○, finned
cylinder (straight circular fins), Eid and Ziada [39]. . . . . . . . . . . . . . . 31
2.26 Vortex shedding component across the wake of, ◾, two tandem bare cylin-
der and, ○, two tandem finned cylinders (straight circular fins), Eid and
Ziada [39]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.27 Schematic of the emerging vortex sheet from the cylinder surface, Williamson
[5]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.28 Flow visualization of the flow field downstream of a circular cylinder. (a)
shows a side view of the vortex street and (b) shows a top view for the
three-dimensional chaotic field, Williamson [5]. . . . . . . . . . . . . . . . . . 34
2.29 Correlation coefficient versus the spanwise spacing between two hot-wires,
Re = 1.5 × 104, El-Baroudi [40]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.30 Correlation coefficient versus the spanwise spacing between a hot-wire
probe and surface pressure tap, the cylinder aspect ratio is (a) 1.7 and
(b) 6.7, Szepessy and Bearman [47]. . . . . . . . . . . . . . . . . . . . . . . . 37
xiv
2.31 Correlation coefficient along the span of a bare and a spiral finned cylinder,
Hamakawa et al. [33] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.32 Correlation coefficient along the cylinder span, twisted serrated finned
cylinders, Ziada et al. [36]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.33 Schematic of the quadruple sound source due to the fluctuating lift and
drag forces, figure is reproduced from Etkin et al. [50]. . . . . . . . . . . . . 40
2.34 Spectrum of sound resulting from a cylinder at U= 68.6 m/s, Etkin et al.
[50]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.35 (a) Average acoustic energy generation and absorption over full cycle and
(b) total energy transfer per cycle downstream of a single cylinder, Mohany
and Ziada [59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.36 Aeroacoustic response of a single bare cylinder showing the (a) frequency
and (b) acoustic pressure amplitude versus the reduced velocity, D =
25.4mm, Blevins and Bressler [72]. . . . . . . . . . . . . . . . . . . . . . . . . 47
2.37 Aeroacoustic response of isolated bare and finned cylinders, Eid and Ziada
[39] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.38 Spanwise coherence at vortex-shedding peak as a function of separation
between two probes with and without the application of sound field . . . . 51
3.1 Rendered drawing of the main components of the open-loop wind tunnel. . 55
3.2 Schematic drawing of the wind tunnel showing the relative cylinder loca-
tion and microphone positions with respect to the used coordinates. P(y)
and v(y) describe the acoustic pressure and acoustic particle velocity dis-
tribution along the duct height for the first acoustic cross-mode. . . . . . . 56
3.3 Peaks of the acoustic pressure of the first cross-mode versus the microphone
positions for a single cylinder, D= 19.05 mm and U= 70.3 m/s. The
cylinder is located at Y/H= 0 and X/H=0. . . . . . . . . . . . . . . . . . . . 59
xv
3.4 Rendered drawing of the two linear actuators used to transverse the mov-
able hot-wire probe within the flow field. . . . . . . . . . . . . . . . . . . . . 61
3.5 Schematic drawing showing (a) the location of a single hot-wire probe with
respect to the cylinder and (b) the relative location of the pressure tap on
the tested cylinder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.6 Schematic drawing showing the location of the two hot-wires with respect
to the tested cylinder (a) shows the motion of the two hot-wire probes
together and (b) shows the motion of the two independent hot-wire probes. 64
3.7 Detailed drawing of the finned cylinder showing parameters of the circular
fin, De is the hypothetical effective diameter. . . . . . . . . . . . . . . . . . . 66
4.1 Acoustic pressure spectrum generated downstream of a single bare cylin-
der, D= 25.4 mm, for flow velocity of (a) 54 m/s (off-resonance) and (b)
80 m/s (onset of resonance). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.2 Waterfall plot of the frequency spectra measured downstream of a single
bare cylinder, D = 25.4 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.3 Aeroacoustic response of a single bare cylinder, D = 25.4 mm, showing the
flow velocity versus (a) frequency and (b) acoustic pressure. . . . . . . . . . 73
4.4 Comparison of the aeroacoustic response for a single bare cylinder in cross
flow, D = 25.4 mm and W = 76.2 mm. . . . . . . . . . . . . . . . . . . . . . . 74
4.5 Comparison of the aeroacoustic responses for different bare cylinders show-
ing (a) acoustic pressure versus flow velocity, in physical dimensions, and
(b) normalized acoustic pressure versus reduced flow velocity, W = 127 mm. 75
4.6 Comparison of the Strouahl number finned cylinder I and its equivalent
bare cylinder, t = 1.5 mm, s = 1.5 mm, De =D = 19.05 mm. . . . . . . . . . 76
4.7 Comparison of the aeroacoustic response of finned cylinder I and its equiv-
alent bare cylinder, t = 1.5 mm, s = 1.5 mm, De =D = 19.05 mm. . . . . . . 77
xvi
4.8 Pressure drop versus the Mach number for finned cylinder I and its equiv-
alent bare cylinder, De =D = 19.05 mm. . . . . . . . . . . . . . . . . . . . . . 78
4.9 Comparison of the aeroacoustic response of finned cylinder II and its equiv-
alent bare cylinder, t = 1 mm, s = 2 mm, De =D = 16.9 mm. . . . . . . . . . 79
4.10 Aeroacoustic responses of different finned cylinders having the same fin
density, 8.47 fins/inch, and variable fin spacing and thickness. . . . . . . . . 81
4.11 Aeroacoustic responses of different finned cylinders having the same fin
thickness, t = 1.5 mm, and variable fin spacing. . . . . . . . . . . . . . . . . . 82
4.12 Aeroacoustic responses of different finned cylinders having the same fin
thickness, t = 0.38 mm, and variable fin spacing. . . . . . . . . . . . . . . . . 83
4.13 Aeroacoustic responses of different finned cylinders having the same fin
spacing, s = 1.5 mm, and variable fin thickness. . . . . . . . . . . . . . . . . . 84
4.14 Aeroacoustic responses of different finned cylinders having the same fin
spacing, s = 2 mm, and variable fin thickness. . . . . . . . . . . . . . . . . . . 85
4.15 Comparison of the maximum normalized acoustic pressure of different
finned cylinders for variable (a) fin spacing and (b) fin thickness. The
maximum normalized acoustic pressure for each case is divided by the
maximum normalized acoustic pressure for its equivalent bare cylinder. . . 86
4.16 Comparison of the onset of acoustic resonance for different finned cylinders
for variable (a) fin spacing and (b) fin thickness. The onset of acoustic
resonance for each case is divided by the onset of acoustic resonance for
its equivalent bare cylinder, the dotted line represents the onset of a bare
cylinder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.1 (A) schematic drawing of the cross-wake measurements and (b) sample of
hot-wire spectra at a given elevation from the cylinder’s centerline. . . . . . 91
5.2 Spectra of the normalized velocity fluctuation at different heights from the
cylinder’s centreline at downstream distance of X/D = 2.67. . . . . . . . . . 92
xvii
5.3 Velocity Spectra at different elevations from each finned cylinder’s centreline. 93
5.4 Profiles of the normalized (a) mean velocity deficit and (b) velocity pertur-
bations downstream of finned cylinder I and its equivalent bare cylinder,
D =De = 19.05 mm, X/D = 2.67. . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.5 Profiles of the normalized (a) vortex shedding component and (b) the first
higher harmonic for finned cylinder I and its equivalent bare cylinder,
D =De = 19.05 mm, X/D = 2.67. . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.6 Mean velocity profiles at different downstream distances from the cylin-
der’s centreline, solid circle shows the outer fin diameter of the finned
cylinder while the dotted circle represent a bare cylinder having D =De. . 98
5.7 Vortex shedding component profiles at different downstream distances
from the cylinder’s centreline, solid circle shows the outer fin diameter
of the finned cylinder while the dotted circle represent a bare cylinder
having D =De. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.8 Profiles of the (a) mean velocity deficit and (b) velocity perturbations
downstream of the different finned cylinders. . . . . . . . . . . . . . . . . . . 102
5.9 Profiles of the strength of the (a) vortex shedding component and (b) the
first higher harmonic downstream of the different finned cylinders. . . . . . 103
5.10 Vertical profiles of the correlation coefficient across the wake of a bare
cylinder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.11 Comparison of the vertical profiles of the correlation coefficient between
two hot-wires across the wakes for the bare and finned cylinders, △Z/De = 2.106
5.12 The correlation coefficient versus the Reynolds number for bare and finned
cylinders, Y /De = 2, △Z/De = 2. . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.13 Comparison of the spanwise flow coherence downstream of a bare cylinder
to results from the literature. . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
xviii
5.14 Comparison of the spanwise flow coherence of bare and finned cylinders,
Y /De = 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.15 Comparison of the spanwise flow coherence of the first set of finned cylin-
ders, Y /De = 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.16 Spanwise flow coherence of the second set of finned cylinders showing the
independent effect of fin spacing, t = 1.5 mm, Y /De = 2 . . . . . . . . . . . . 110
5.17 Spanwise flow coherence of the third set of finned cylinders showing the
independent effect of fin thickness, s = 1.5 mm, Y /De = 2 . . . . . . . . . . . 111
5.18 Variation of the correlation length versus the (a) fin spacing and (b) fin
thickness. Dotted line shows the correlation length for a bare cylinder. . . 113
6.1 Drawing of the flow domain imported to the CFD simulations, dimensions
are in millimeters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.2 Rendered image of the meshed flow domain showing the different mesh
density regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
6.3 Snapshots of the (a) inflation layer on the cylinder surface and (b) elements
fitted between the fins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
6.4 Sample of the fluctuating lift force coefficient (top) and drag force coeffi-
cient (bottom) of a bare cylinder, D =19 mm. . . . . . . . . . . . . . . . . . . 122
6.5 Comparison of the wake structure of a bare cylinder to (a) experimental
and (b) numerical results from the literature, mean flow is upwards. . . . . 123
6.6 Comparison of the velocity deficit downstream of a bare cylinder obtained
from numerical and experimental results, D = 19.05 mm, X/D = 1.33. . . . 124
6.7 Traces of the drag and fluctuating force coefficients for (a) bare and (b)
finned cylinder I, De =D = 19 mm. . . . . . . . . . . . . . . . . . . . . . . . . 126
6.8 Comparison of the wake structures downstream of a bare cylinder (top)
and finned cylinder I (bottom). The iso-surfaces of constant normalized
Q criterion are colored by the spanwise vorticity, ωz, Re = 2.4 × 104. . . . . 127
xix
6.9 Different perspective views of the wake structure downstream of a bare
cylinder and finned cylinder I, De =D = 19 mm. . . . . . . . . . . . . . . . . 129
6.10 Distribution of the transverse vorticity, ωy, along lateral plane at Y /D =
0.5 for (a) bare cylinder and (b) finned cylinder I, De =D = 19 mm. . . . . 130
6.11 Instantaneous deformation of the streamwise flow velocity (u component)
downstream of the bare cylinder (top) and finned cylinder I (bottom). . . . 133
6.12 Distribution of the average velocity downstream of (a) bare cylinder and
(b) finned cylinder I, De =D = 19 mm. . . . . . . . . . . . . . . . . . . . . . . 134
6.13 Distribution of the average streamwise velocity along the wake centerline
for a bare cylinder and finned cylinder I, De = D = 19 mm. The experi-
mental results are from Kravchenko and Moin [89]. . . . . . . . . . . . . . . 135
6.14 Distribution of the average spanwise vorticity downstream of (a) bare
cylinder and (b) finned cylinder I, De =D = 19 mm. . . . . . . . . . . . . . . 136
6.15 Variation of the dynamic loading on the finned cylinders versus the fin
spacing showing (a) the drag force coefficient and (b) fluctuating lift force
coefficient. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
6.16 Comparison of the spanwise vorticity isosurfaces, ωz, for (a) finned cylinder
I, (b) finned cylinder II, and (c) finned cylinder III. . . . . . . . . . . . . . . 140
6.17 Top perspective view of the spanwise vorticity iso-surfaces, ωz , for (a)
finned cylinder I, (b) finned cylinder II, and (c) finned cylinder III. . . . . . 142
6.18 Distribution of the transverse vorticity, ωy, along lateral plane at Y /D =
0.5De for (a) finned cylinder I, (b) finned cylinder II, and (c) finned cylin-
der III. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
6.19 (a) Distribution of the averaged flow velocity along the wake centerline for
the finned cylinders and (b) the variation of vortex formation length with
the fin spacing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
xx
6.20 Development of the boundary layer from both sides of each fin using the
theoretical Blasius’ boundary layer approximation, Y /De=0.5. . . . . . . . 146
6.21 Distribution of the streamwise velocity at a horizontal plane cutting through
Y /De=0.5 for different finned cylinders. . . . . . . . . . . . . . . . . . . . . . 147
6.22 Schematic representation of the separated flow from the cylinder’s surface
(a) 2D representation, courtesy of Gerrard [2], (b) 3D separation from
a bare cylinder, (c)3D separation from finned cylinder I, and (d) finned
cylinder III. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
7.1 Comparison of the aeroacoustic response of bare and finned cylinders from
the current work against results from Eid and Ziada [39] performed in (a)
small width test section, 76.2 mm, and (b) medium width test section, 127
mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
7.2 Comparison of the aeroacoustic response of a bare cylinder in three aspect
ratios, (a) D=15.7 mm and (b) D = 19.05 mm. . . . . . . . . . . . . . . . . . 156
7.3 Comparison of the aeroacoustic response of a finned cylinder in three as-
pect ratios, (a) finned cylinder XIII and (b) finned cylinder I. . . . . . . . . 157
7.4 Effect of the aspect ratio on the maximum acoustic pressure for (a) bare
cylinders and (b) finned cylinders. . . . . . . . . . . . . . . . . . . . . . . . . . 158
7.5 Mean velocity profile of bare and finned cylinders in test section having a
width of (a) W = 127 mm from current work and (b) W= 76.2 mm from
the work of Eid and Ziada [39]. . . . . . . . . . . . . . . . . . . . . . . . . . . 160
7.6 Averaged streamwise velocity along the wake’s centreline downstream of




1.1 Background and Motivation
The phenomenon of sound generation due to flow over bluff bodies has captured the
interest of many researchers over the past century. Yet, the coupling between the flow
and sound fields when flow-excited acoustic resonance is materialized is not yet fully
understood. An example of that is the flow-sound coupling of tube bundles in heat
exchangers. The vortex shedding downstream of the tube bundles in such cases has
a periodic nature with a distinguishable frequency that depends on the flow velocity.
The flow-excited acoustic resonance occurs when the frequency of the vortex shedding
downstream of the tubes coincides with one of the acoustic natural frequencies of the
accommodating enclosure. Upon occurrence, the flow-excited acoustic resonance leads
to a strong coupling, or feedback mechanism between the flow and sound fields, which
results in high noise levels and excessive vibrations. If materialized in equipment such
as heat exchangers or boilers of power plants, this phenomenon may lead to catastrophic
premature failures. In an attempt to understand the complex flow-sound interaction in
tube bundles of heat exchangers, the flow-excited acoustic resonance was investigated
for the cases of a single cylinder, two tandem cylinders, and two side-by-side cylinders.
1
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However, all of these investigations dealt with bare cylinders and the effect of fins on the
flow-sound interaction mechanism has not been investigated in detail. Finned cylinders
are widely used in gaseous heat exchangers as they are proven to increase the heat
transfer rate by increasing the surface area subjected to the flow. Previous investigations
showed that adding fins to the tubes may enhance the process of vortex shedding and
hence, may increase the susceptibility to acoustic resonance excitation. Therefore, the
main objective of this work is to investigate the flow-sound interaction mechanism of
isolated finned cylinders in cross-flow. The aeroacoustic response and wake structures
of isolated finned cylinders are experimentally characterized and compared to those of
bare cylinders in order to determine the effect of the fins on the flow field and acoustic
resonance excitation. Numerical flow simulations are then used to reveal the effect of
the fins on the flow development between the fins and in the near-wake of the cylinder,
which further explains the observed flow and acoustic measurements.
1.2 Scope of the Work
The objective of this work is fulfilled by investigating isolated finned cylinders using
three main approaches. The first approach is carried out experimentally by performing
acoustic measurements in order to characterize the noise levels that are generated when
the acoustic resonance is self-excited due to cross-flow of air over isolated finned cylin-
ders. Hence, the flow-excited acoustic resonance of an isolated finned cylinder can be
compared to that of an equivalent bare cylinder. The type of fin under investigation is
straight circular fin with different fin parameters. Various fin thickness and spacing are
investigated independently in order to characterize their effects on the onset and level of
acoustic resonance excitation.
The second approach is carried out by performing localized flow field measurements
with the aid of a single or two movable hot-wire probes. The objective of this approach
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is to capture the effect that the fins have on the wake structures and the spanwise
flow coherence. Hence, the effect of the fins on the flow field can be correlated to the
observed acoustic resonance. The different fin parameters are also investigated in order
to determine their effects on the flow field. These effects are used to further elaborate
the trends observed in the acoustic resonance measurements.
The final approach presented herein is performing numerical simulations for the flow
field downstream of different isolated finned cylinders. These simulations are combined
with the localized flow measurements to clarify the exact mechanism of boundary and
shear layer separation downstream of the finned cylinder. The characteristics of the
vortex formation region in the near-wake of the cylinder is investigated in order to com-
prehend the nature of dynamic loading on the cylinders. The effect of the fin thickness
and spacing on the boundary and shear layer separation, and subsequently, the vortex
formation region, are fully characterized. Finally, the effect of the cylinder’s aspect ratio
on the vortex formation region and acoustic resonance excitation for bare and finned
cylinders is revealed.
1.3 Outline of the Thesis
The current thesis contains eight chapters. It is organized as follows. Chapter (1) presents
a brief introduction of the phenomenon, objectives, and scope of this work. Chapter (2)
presents a detailed literature review and background about the vortex shedding pro-
cess downstream of a cylinder and the phenomenon of flow-excited acoustic resonance.
Chapter (3) provides a detailed description of the experimental setup and measurement
techniques used to achieve the objectives of this work. Chapter (4) presents the results of
the flow-excited acoustic resonance resulting from isolated finned cylinders. The effects
of fin parameters on the onset and levels of acoustic resonance are also demonstrated.
Chapter (5) covers the results of the flow field measurements showing the wake struc-
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tures and spanwise flow coherence. Chapter (6) presents the results of the numerical flow
simulations downstream of bare and finned cylinders. Chapter (7) presents the effect of
aspect ratio on the acoustic resonance and vortex shedding process downstream of bare




The vortex shedding process downstream of a circular cylinder has captured the attention
of many researchers over the past century, due to its implication in many engineering
applications. The literature contains a huge amount of studies on the flow over a single
cylinder that were performed on bare cylinders while the finned cylinders were rarely
discussed. The following sections present a critical review of the vortex shedding process
over a cylinder as well as the changes that may occur due to the existence of a sur-
face alteration such as fins. Afterwards, the flow-excited acoustic resonance phenomenon
resulting from a single cylinder is presented and the correlation between the vortex shed-
ding process and the aeroacoustic response is elaborated. Finally, the research needs are
demonstrated in order to clarify the motivations for the work presented in this thesis.
2.1 Vortex Shedding Process Downstream of a Sin-
gle Cylinder
Vortex shedding is a well-known phenomenon that occurs for blunt bodies such as a
circular cylinder, where the separation of the boundary layer going through the adverse
pressure gradient over the surface of the cylinder generates a free shear layer. This
5
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Figure 2.1: Flow visualization of the vortex street past a cylinder at Reynolds number
of 140, picture courtesy of Van Dyke [1].
separated shear layer exhibits a velocity gradient that will cause it to roll up and shed
periodically when interacting with the shear layer emanating from the opposite side of
the cylinder. This leads to the generation of a vortex street downstream of the cylinder.
Figure 2.1 shows an experimental flow visualization for the developed vortex street past a
single cylinder and illustrates the resulting vortex structure at a certain Reynolds number
[1]. Early studies [2] show that the flow behind the cylinder can be divided into three
entrainment or passage regions; (a), the flow developing the vortex core, (b), the flow
carried by the shear layer, and (c), the reverse flow that causes circulation, as shown in
Figure 2.2.
The amount of flow entrainment (a) is expected to be the largest. This is obtained
by comparing the different flow entrainments shown in the flow visualizations for the
developed vortex street, refer to Figure 2.1. The flow particles travel through flow en-
trainment (a) and interact with the particles emerging from the opposite cylinder side
to form the periodic vortex shedding. The frequency of this periodic vortex shedding is
related to the flow velocity and the cylinder diameter by the Strouhal number relation.
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Figure 2.2: Flow entrainments behind the cylinder, (a) is the entrainment developing the
wake, (b) is the shear layer, and (c) is the circulated flow, Gerrard [2].




where fv is the vortex shedding frequency, D is the cylinder diameter, and U is the
flow velocity. Figure 2.3 shows the relationship between Strouhal number and Reynolds
number and clarifies that the value of Strouhal number for a single cylinder is almost
constant over a wide range of Reynolds numbers around the value of 0.2.
The flow patterns in the separated wake depend on the upstream flow velocity and
fluid properties, i.e. can be correlated to the Reynolds number. Lienhard [3] distinguished
between the different flow regimes or patterns based on the Reynolds number, as shown
in Figure 2.4. These different flow regimes can be classified as follows:
i . Re < 5: The flow can be characterized as potential flow. No separation or vorticity
occurs and the flow is symmetric around the cylinder.
ii . 5 < Re < 40: A pair of vortices appears but they are fixed in position, referred
to by Föppl vortices. This causes a stalled circulation downstream of the cylinder.
With the increase of Reynolds number, the vortex pair stretches and the drag force
decreases.
iii . 40 < Re < 150: The two vortices become unstable and periodically roll up and form
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Figure 2.3: The relation between Strouhal number and Reynolds number. The figure is
reproduced from Lienhard [3].
the laminar vortex street. The drag force goes through a drastic transition indicating
the different nature of the generated unsteady wake [4]. In the 40 < Re < 90 range,
the flow periodicity is governed by wake instability, while, in the 90 < Re < 150 range,
the flow periodicity is governed by consistent vortex shedding following large-scale
vortices.
iv . 150 < Re < 300: The flow goes through transition to turbulence. Two modes of
vortex shedding are interacting together (will be discussed in detail in the following
section). Flow energy may be redistributed between the two modes with a tendency
towards the more chaotic small-scale vortices mode.
v . 300 < Re < 3×105: The flow becomes fully turbulent. The vortex shedding occurs at
a distinct frequency, that results in a Strouhal number of 0.2. The small-scale vortex
shedding mode becomes dominant.
vi . 3 × 105 < Re < 3.5 × 106: The boundary layer becomes turbulent and hence, distorts
the wake. The vortex shedding is gully dominant by small-scale vortices and the
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Figure 2.4: Regimes of separated flow structure behind single cylinder subjected to uni-
form flow. The figure is reproduced from Lienhard [3].
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frequency of vortex shedding starts to deviate from a Strouhal number value of 0.2
depending on the skin friction.
vii . 3.5 × 106 < Re: The vortex shedding is re-established and the vortex street of the
wake becomes consistent.
From the previous classification, it is shown that the turbulent Reynolds number region
is relatively the largest, i.e. over the range 300 < Re < 3.5 × 106. Within this region,
the frequency of the vortex shedding process is easily distinguished within the velocity
spectra and can be tracked following a Strouhal number value of 0.2.
2.1.1 Wake structures downstream of a bare cylinder
Williamson [5] presented a thorough review of the vortex shedding dynamics in the
wake of a cylinder and reported that the vortex shedding process is a very complex
phenomenon that depends rigorously on the Reynolds number. As shown schematically
in Figure 2.5, the vortex shedding process downstream of a cylinder can be divided
into two main vortex shedding modes. In the large-scale vortex shedding mode, Mode
A, a sheet of free shear layer is shed from the cylinder’s surface at the same spatial
and temporal locations. Afterwards, the free shear layer rolls up and deforms due to
interaction with the shear layer emanating from the cylinder’s opposite surface. The
fluctuating roll-ups from the two sides of the cylinder lead to the large-scale primary
Karman vortex shedding street. Due to the viscous effects between the fluid layers, vortex
dislocations can emerge along the cylinder’s surface. These vortex dislocations lead to
the generation of small-scale vortices, which is referred to by Mode B. The resulting
vortex street follows the same periodic shedding pattern from the cylinder’s surface,
however, the vortex shedding process becomes highly chaotic. The flow coherence along
the cylinder’s span degrades in this case as the vortex dislocations lead to vortex loops
of hair-pin like vortices. These hair-pin vortices induce vorticity in the streamwise and
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Figure 2.5: Schematic drawings of the different vortex shedding modes, Williamson [5].
Chapter 2. Literature Review 12
Figure 2.6: Strouhal number versus Reynolds number over the laminar to three-
dimensional transition region, Williamson [5].
spanwise directions, which significantly increase the velocity random perturbations and
consequently reduce the spanwise flow coherence.
The two vortex shedding modes can be examined by investigating the nature of the
wake transition from laminar to turbulent flow in the vortex street, i.e. in the range
of 150 < Re < 300, which was originally described by Roshko [6] and fully characterized
later by Williamson [7]. The differentiation between the two modes was attained by
investigating the Strouhal number versus Reynolds number relation at a certain Reynolds
number range, where a discontinuity was observed between Re = 180 to 280, as shown in
Figure 2.6. As the Reynolds number increases above 180, the vortex shedding frequency
drops suddenly, indicating a change in the vortex shedding mechanism. The Strouhal
number follows a relatively lower values curve until the end of the transition region,
around Re = 300. Afterwards, the vortex shedding frequency is retrieved to the original
vortex shedding curve at the end of the transition region. This discontinuity in the
Strouhal-Reynolds number relation was also observed in the experimental measurements
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Figure 2.7: Base suction pressure coefficient versus Reynolds number for the case of a
single cylinder, Williamson [5].
of the base suction pressure coefficient, which is related to the dynamic forces on the
cylinder [5], as shown in Figure 2.7. During the wake transition region, Williamson
[8] reported that the streamwise vortices lead to the gradual transfer from Mode A to
Mode B shedding. Such transfer is achieved by the development of the streamwise vortex
dislocations that lead to the generation of the small-scale vortices. Figure 2.8 shows flow
visualizations of the two modes occurring at different Reynolds numbers. Mode A can
be characterized by relatively large-scale vortex sheets while Mode B is clearly comprised
of small-scale finger-like vortices, which is further shown by the relativly recent PIV
visualizations [9].
The two vortex shedding modes lead to different average spanwise shedding wave-
length along the cylinder, as shown in Figure 2.9. It is reported that Mode A, which is
dominant at Re ≤ 200, can be characterized by a spanwise wavelength of 3 to 4 cylin-
der diameters [11]. Around Re = 230, Mode B appears, consisting of more irregular
small-scale vortices, and hence, has an average spanwise wavelength of about 1 cylinder
diameter. Between Re = 230 and Re = 260 a gradual transition occurs from Mode A being
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Figure 2.8: Flow visualization of the vortex shedding patters downstream of a cylinder
showing (a) Mode A instability at Re = 200 and (b) Mode B instability at Re = 270,
Williamson [5].
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Figure 2.9: Spanwise instability wavelength versus the Reynolds number for Mode B
instability, Wu et al. [10].
dominant into the dominance of Mode B. Although both modes coexist at the transition
Reynolds number of 260, it seems that a gradual redistribution of energy occurs between
the vortex shedding modes promoting the occurrence of the more chaotic vortex shedding
mode, i.e. Mode B, at higher Reynolds numbers. Therefore, the spanwsie wavelength
asymptotes to a constant value, slightly less than one cylinder diameter [10], as shown in
Figure 2.9. Such characterization is in good agreement with other experimental results
such as Mansy et al. [12] and Zhang et al. [13]. Lin and Rockwell [14] and Lin et al. [15]
used a cinematographic system to visualize the vortex shedding patterns downstream of
a cylinder at Re = 10,000. Figure 2.10 shows that the vortex shedding downstream of
the cylinder is fully dominated by Mode B at this high Reynolds number. The figure
clearly shows the generation of counter acting hair-pin vortices that possess a highly
irregular nature. It is also reported in their study that these small-scale vortices have a
characteristic wavelength of one cylinder diameter.
Chapter 2. Literature Review 16
Figure 2.10: Instantaneous representation of the streamwise vorticity downstream of a
circular cylinder at Re = 10,000, Lin et al. [15].
2.1.2 Numerical simulations of vortex shedding process down-
stream of a cylinder
The vortex shedding process downstream of a cylinder may be one of the most investi-
gated cases using numerical simulation techniques in the literature. Many of the studies in
the literature followed a two-dimensional approximation of the cylinder’s geometry when
detailed patterns of the vorticity downstream of the cylinder are not significantly required
[16, 17]. However, in other studies, three-dimensional simulations were performed at the
expense of the exponentially large computational costs in order to gain insight into the
detailed behavior of the vortex shedding patterns downstream of the cylinder [18, 19].
Thompson et al. [20] presented one of the earliest three-dimensional Direct Numerical
Simulations (DNS) computations of the flow field downstream of a cylinder. They inves-
tigated the transition of the two- to three-dimensional wake structures downstream of a
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circular cylinder. The two modes of vortex shedding were clearly captured by the use
of numerical simulations, as shown in Figure 2.11. The overall structures of the vortex
shedding modes agrees well with the experiments in the literature [7, 21]. The results of
this DNS study show that the simulations can be accounted for accurately capturing the
vortex shedding patterns, and hence, other aspects of the flow field can be investigated
from the simulations. For example, it is shown that the surface pressure distribution for
the three-dimensional flow domain around the cylinder deviates from the two-dimensional
calculations, which can be used to further understand the changes in the pressure drag
coefficient when the flow goes through the transition from Mode A to Mode B shedding.
Appropriately, the three-dimensional numerical simulations of vortex shedding down-
stream of a cylinder are extensively used to further enrich the common understanding
of such a flow field by capturing aspects that cannot be shown by conventional flow vi-
sualizations. Jordan and Ragab [22] used the Large Eddy Simulation (LES) turbulence
model to predict the base pressure coefficient behind a cylinder. They showed that the
LES model gives accurate results knowing that it does not require the same computa-
tional costs of the Direct Numerical Simulations (DNS). The LES model was successful in
capturing the two vortex shedding modes and the dynamic loading on the cylinder. The
LES model was also successful in capturing the vortex dynamics in very high Reynolds
number cases [23] or various flow domain geometries [24]. Labbe and Wilson [24] investi-
gated the effect of the cylinder’s spanwise length on the three-dimensionality of the wake
by performing their simulations in different sized flow domains. They were able to show
the transition from Mode A to Mode B by simulating the flow field at different Reynolds
numbers, as shown on Figure 2.12. Furthermore, they proposed a minimum spanwise
length of four cylinder diameters in order to fully capture the vortex dynamics down-
stream of the cylinder. Their investigation showed that, at the small spanwise length,
the vortices of Mode B may diffuse together and form large vortices that have the same
characteristic wavelength of Mode A, as shown in Figure 2.13.
Chapter 2. Literature Review 18
Figure 2.11: DNS Flow visualization of the vortex shedding process downstream of a
cylinder showing the two vortex shedding modes, Mode A (top) and Mode B (bottom),
Thompson et al. [20].
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Figure 2.12: Mode A to Mode B transition shown by isosurface of streamwise vorticity,
Mode A at Re = 200 (top), transition at Re = 250 (middle), Mode B at Re = 300 (bottom),
Labbe and Wilson [24].
Figure 2.13: Effect of cylinder’s spanwise length on the vortex shedding modes, Labbe
and Wilson [24].
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2.1.3 Alteration of the vortex shedding process by surface mod-
ifications
The previous sections showed that the Reynolds number regions, and hence, the shear
layer separation, can affect the vortex shedding nature downstream of the cylinder. Any
changes in the surface of the cylinder that are large enough to alter the shear layer
separation are borne to affect the whole vortex shedding process. Zdravkovich [25] in-
vestigated different methods of surface modifications in order to suppress the vortex
shedding process downstream of a cylinder. The surface modifications methods that lead
to vortex suppression would also lead to reducing the dynamic loading on the cylinders,
i.e. reduced drag and fluctuating lift forces. However, it was reported that not all of
the surface modifications or protrusions can reduce the strength of the vortex shedding
process. Some of the vortex suppression means resulted in adverse effects, such as dense
helical strakes that lead to strengthening the vortex shedding process, as demonstrated
by sharper peaks in the power spectra of the lift forces measurements. Owen et al. [26]
showed that suppression of the Karman vortex shedding process can be attained by the
use of sinusoidal shaped cylinders, which is further supported by the recent results of Lin
et al. [27]. Lin et al. [27] argued that the suppression of the vortex shedding process
in the wavy patterned cylinder is obtained from the generation of additional small-scale
vortices. These vortices increase the irregularities of the flow field in the near-wake down-
stream of the cylinder, which leads to suppressing the drag and fluctuating lift forces.
Similarly, Chyu and Rockwell [28] investigated the flow structures downstream of a cylin-
der with low-density helical strakes. They found that the strakes promote the transition
to the small-scale vortices. The energy is carried forward from the relatively large-scale
Karman vortex shedding to the small-scale vortices, as shown in Figure 2.14. The strakes
are well-known means of suppressing the dynamic loading on cylinder and they are shown
to reduce drag forces on large structures as well as small-scale structures. These strakes
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Figure 2.14: Instantaneous representation of the streamwise vorticity downstream of a
circular cylinder equipped with helical strakes, Chyu and Rockwell [28].
lead to additional free shear layer separations that interact with the boundary layer sep-
aration from the cylinder’s surface, and therefore, degrade the coherent vortex shedding
from the cylinder by inducing the highly irregular small-scale vortices.
It can be fairly assumed that the near-wake structures downstream of a cylinder
directly affect the dynamic loading on the cylinder. Thus, the strength of the dynamic
loading on the cylinder can be related to the vortex formation length [29]. The vortex
formation length is defined by Griffin [29] as the time-averaged distance between the
cylinder’s centreline and the location where the mean velocity inside the wake equals
to zero, i.e. u/U = 0, refer to Figure 2.15. In this case, the vortex formation length
describes the end of the recirculation zone and directing all of the fluid particles to form
the vortex core, i.e. transition from flow entrainment ’c’ to ’a’, refer to Figure 2.2. In
other words, the vortex formation length stretches from the cylinder’s centreline to the
location where the vorticity attains its maximum concentration. For the case of a uniform
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circular cylinder, the figure shows that the vortex formation length is around two cylinder
diameters. Lin et al. [27] reported that the wavy patterned cylinder gave larger formation
length along the wake centreline, compared to the uniform cylinder. The wavy patterned
cylinder in their study exhibits lower drag and fluctuating lift forces, which means that
the longer the formation length, the smaller is the dynamic loading on the cylinder.
This can be further understood as the fluctuating vorticity field for the longer vortex
formation length will be stretched downstream of the cylinder, and therefore, will result
in a lower dynamic loading. Zdravkovich [30] showed that the transition from the Mode
A to Mode B downstream of a cylinder leads to weakening the near-wake instability and
strengthening the irregular small-scale vortices. The occurrence of small-scale vortices
leads to increasing the vortex formation length, and subsequently, decreases the drag
and fluctuating lift forces. The small-scale vortices are caused by the interaction of any
three-dimensional deformation in the approach flow and the unstable two-dimensional
free shear layer [31]. Hence, the increase in the irregularity of these small-scale vortices is
an indication of a less organized flow field, and therefore, lower dynamic loading. On the
other hand, Toebes [32] found that enhancement of the spanwise correlation accompanies
synchronized vortex shedding, and therefore, leads to an increase in the dynamic loading
on the cylinder.
2.2 Effect of Fins on the Vortex Shedding Process
2.2.1 Frequency of the vortex shedding process
The effect of adding fins to bare cylinders on the vortex shedding process was investigated
by some researchers in the literature. The main objective of these investigations was to
determine if the fins would change the vortex shedding mechanism downstream of the
cylinder or change its frequency or strength. Hamakawa et al. [33] investigated the
effects of spiral fins on the vortex shedding process downstream of a single cylinder
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Figure 2.15: Distribution of time-averaged velocity along the wake centreline, Lin et al.
[27].
and characterized the effect of pitch to diameter ratio (p/D) on the vortex shedding
process. Their hot-wire measurements performed downstream of the finned cylinder
showed similar flow patterns to that of the bare cylinder, as shown in Figure 2.16a.
Frequency analysis of these results shows clear peaks in the hot-wire spectra for each
finned cylinder, which implies that the vortex shedding occurs at a distinct frequency,
as shown in Figure 2.16b. Moreover, they obtained a linear relationship between the
peaks from the frequency spectra and the upstream flow velocity for each case, as shown
in Figure 2.17. Yet, it is observed from their results that the slope of the frequency
versus the velocity graph is different from that of the bare cylinder, which indicates that
the Strouhal number will be different. In a similar investigation, Hamakawa et al. [34]
studied the effect of twisted serrated fins on the vortex shedding downstream of a finned
cylinder. It is shown that the frequency of the vortex shedding process follows a linear
relationship with respect to the flow velocity. Yet, it is observed that the slope of this
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Figure 2.16: (a) Contours of the velocity fluctuations behind the finned cylinder and (b)
the frequency spectra for bare and finned cylinders, Hamakawa et al. [33].
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Figure 2.17: Frequency versus the upstream flow velocity for bare and spiral finned
cylinders, p/D is the fin pitch to diameter ratio, Hamakawa et al. [33].
linear relationship is different from that of the bare cylinder, as shown in Figure 2.18.
Additionally, the deviation of the slope of the frequency versus low velocity from that of
the bare cylinder depends significantly on the spacing ratio.
Mair et al. [35] also showed that the addition of straight circular fins to a bare
cylinder would deviate the Strouhal number value from 0.2, as shown in Figure 2.19.
However, they proposed a hypothetical diameter that should be used in the estimation of
the Strouhal number downstream of a finned cylinder. This effective diameter represents
a bare cylinder having the same frontal area of the finned cylinder, i.e. it accounts for the
increase in flow blockage rather than the increase in the cylinder’s volume. This effective




((p − t)Dr + tDf) (2.2)
where p is the fins center-to-center pitch, i.e. p = s + t, t is the fins thickness, Dr is
the root diameter, and Df is the outer fin diameter. Upon using the effective diameter,
it is shown that the Strouhal number of the different finned cylinders becomes close
to that of the bare cylinder, as shown in Figure 2.20. Also, it was reported that the
addition of fins reduces the random variations in the frequency signals. This indicates
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Figure 2.18: Variations in the frequency peaks for different free stream velocities for sev-
eral cases of spacing-to-diameter ratio (s/D), BT1 indicates a bare tube with a diameter
equal to the root diameter of the finned tubes while BT2 indicates a tube with a diameter
equal to the outer fins diameter, Hamakawa et al. [34].
that a bare cylinder having the effective diameter may be used to predict the vortex
shedding frequency. However, the effective diameter doesn’t capture the changes in the
wake structure when fins are added to the cylinder.
The effective diameter has been used in the literature and proven to be efficient in
collapsing the results around the Strouahl number of 0.2, as shown in Figure 2.21 and
2.22. Figure 2.21 shows the results of Ziada et al. [36] when using the effective diameter
for the twisted serrated fins. The Strouhal number based on the effective diameter varies
between 0.2 and 0.22. Similarly, the collapsed results of Hamakawa et al., Figure 2.22,
show that the Strouhal number based on the effective diameter fall between St= 0.224
and St= 0.185, which means that the margin of error is around 10 % of the classical
Strouhal number. Lumsden and Weaver [37] investigated another method to calculate
an effective diameter to better represent the finned cylinders’ results and reduce such
variations from the Strouhal number value of 0.2. The volumetric diameter is based on
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Figure 2.19: Strouhal number versus diameter-to-spacing ratio (D/p) for finned cylinders,
Mair et al. [35].
Figure 2.20: Strouhal number based on the effective diameter versus the diameter-to-
spacing ratio (D/p) for finned cylinders, Mair et al. [35].
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Figure 2.21: Strouhal number based on the effective diameter versus the Reynolds number
for several finned cylinders; ●, s/D= 0.19; △, s/D = 0.13; ◇, s/D= 0.095, Ziada et al.
[36].
the average of the fins volume added to the bare cylinder’s volume [38]. Lumsden and
Weaver [37] have reported that the difference between the volumetric diameter and the
effective diameter is between 4% and 6%. However, their results, and the results obtained
within this thesis, show that the volumetric diameter is more reasonable for predicting the
vortex shedding of spiral or twisted serrated fins, while the effective diameter is relativity
efficient for straight circular fins.
2.2.2 Strength of the vortex shedding process
Mair et al. [35] investigated the effect of the addition of straight circular fins to a single
bare cylinder. Their results show that the vortex shedding mechanism is fairly similar to
that of the bare cylinder. However, the addition of fins to the cylinder is found to reduce
the randomness of the velocity signal, when using a hot-wire probe. Zdravkovich [25]
investigated several surface modifications in order to disturb the vortex shedding process
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Figure 2.22: Strouhal number based on the effective diameter versus Reynolds number
for several finned cylinders, Hamakawa et al. [34].
from a single cylinder in cross-flow, as shown in Figure 2.23. It was reported that helical
strakes or axial fins were relatively efficient while, on the contrary, dense spiral fins were
not efficient and may actually improve the vortex shedding process. More recently, Ziada
et al. [36] investigated the vortex shedding process downstream of a cylinder with twisted
serrated fins and showed that the finned cylinder results in a stronger vortex shedding
process compared to its equivalent bare cylinder, as shown in Figure 2.24. Different fin
densities were investigated but no consistent behaviour was obtained. The lack of trend
was attributed for the quality factor of the vortex shedding peaks in some cases. Eid and
Ziada [39] investigated finned cylinders with straight circular fins and compared their
wake structures to the equivalent bare cylinders. They reported a difference in the mean
velocity deficit between the bare and finned cylinders and attributed that to the effect
of the fins on the vortex shedding process. It was shown that adding fins to a single
cylinder may interrupt the vortex shedding process, as shown in Figure 2.25. On the
contrary, when they investigated two tandem finned cylinders, the fins were found to
enhance the vortex shedding process and produce stronger vortex shedding components,
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Figure 2.23: Various aerodynamic means for interfering with the vortex shedding (i)
surface protrusions (a) omnidirectional and (b) unidirectional, (ii) shrouds, and (iii) near
wake stabilizers. (+) effective and (-) ineffective, Zdravkovich [25].
Chapter 2. Literature Review 31
Figure 2.24: Vortex shedding component across the wake of, ●, bare and finned cylinder
(twisted serrated fins) with fin density of, ◾, 3.5; △, 5; and ×, 7 fins/inch, Ziada et al.
[36].
Figure 2.25: Vortex shedding component across the wake of, ◾, bare and, ○, finned cylinder
(straight circular fins), Eid and Ziada [39].
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Figure 2.26: Vortex shedding component across the wake of, ◾, two tandem bare cylinder
and, ○, two tandem finned cylinders (straight circular fins), Eid and Ziada [39].
as shown in Figure 2.26. This was attributed to the notion that adding another finned
cylinder increases the strength of the vortex shedding process. This was not observed for
the tandem bare cylinders and such a contradiction was unexplained.
2.3 Spanwise Flow Coherence
The flow separation from the surface of a circular cylinder is affected by the viscous losses
between fluid layers and non-symmetrical boundary layer separation. Hence, although
the cylinder has a constant cross section along its span, the flow should not be considered
two-dimensional [6]. Williamson [5] investigated the three-dimensionality of the flow past
a circular cylinder and showed that the flow exhibits a three-dimensional chaotic pattern.
Figure 2.27 shows a schematic for the emerging Karman vortex street from the surface
of a relatively long cylinder. The length of the shown vortex sheet is often perceived
as the average size for a consistent eddy emerging from the cylinder surface. In other
words, it is the length over which the flow can retain its two-dimensionality. This eddy
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Figure 2.27: Schematic of the emerging vortex sheet from the cylinder surface, Williamson
[5].
shedding phenomenon recurs over the length of the cylinder following any of the two
vortex shedding modes explained earlier. As the flow travels downstream of the cylinder,
diffusion and turbulent mixing among adjacent vortex streets cause more chaos and
further three-dimensionality of the resultant wake, as shown in Figure 2.28.
The spanwise flow coherence is a terminology that has been adopted by many re-
searchers in order to represent the three-dimensionality of a flow field. The spanwise
flow coherence is estimated by correlating the velocity spectra at several points along the
cylinder’s span to a fixed reference point. A high value of the spanwise flow coherence
means a well-correlated flow field, which indicates that the vortex shedding that emerges
from the surface of the cylinder occurs at the same temporal and spatial points. This sug-
gests that such a three-dimensional flow field can be approximated by a two-dimensional
flow field, which can be fairly assumed when the aspect ratio of the tested cylinder is
relatively small. For relatively larger aspect ratios, the spanwise flow coherence degrades
with the increase of the cylinder’s length, and hence, a unified parameter for representing
the average vortex sheet is required. El-Baroudi [40] showed that the correlation coef-
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Figure 2.28: Flow visualization of the flow field downstream of a circular cylinder. (a)
shows a side view of the vortex street and (b) shows a top view for the three-dimensional
chaotic field, Williamson [5].
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ficient, measured by two hot-wires positioned at 1/3 D above the cylinder’s shoulder,
drops to 50% of its peak value when the separation between the two hot-wires exceeds
three cylinder diameters. The correlation coefficient is defined as a numerical measure of
the correlation between the fluctuating velocity component at any two different points











where u′1 and u
′
2 are the velocity perturbations at the two hot-wires. The results of El-
Baroudi [40] also show that any two points become significantly out of correlation, i.e.
R ≤ 0.1, when the spanwise spacing between them is larger than eight cylinder diameters,
as shown in Figure 2.29. Such behaviour was interpreted as the vortex shedding from the
cylinder’s surface follows different cells or shedding sheets. Other investigations followed
the same two hot-wires technique and provided relatively similar results for the case of
a single stationary or oscillating cylinder [32] and other configurations [41]. The two
hot-wires technique was also used to capture the flow coherence downstream of tandem
cylinders and showed good results [42].
Other researchers used different measurements techniques such as Prendergast [43]
who investigated the spanwise flow coherence of a single cylinder by capturing the fluctu-
ations in the surface pressure along the cylinder’s span by means of surface pressure taps.
This different technique showed relatively close results to the two hot-wires technique;
however, it was associated with larger data scatter. The results also showed that the
pressure taps should be positioned at the shoulder of the cylinder, i.e. 90○ from the lead-
ing stagnation point, in order to give the best representation of the separated boundary
layer, and hence, vortex shedding process. The surface pressure taps technique was used
in other studies in order to investigate the vortex shedding correlation of a circular cylin-
der and provided relatively similar results [44, 45]. Hence, the pressure taps technique
is considered suitable for characterizing the surface fluctuations or vortex shedding from
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Figure 2.29: Correlation coefficient versus the spanwise spacing between two hot-wires,
Re = 1.5 × 104, El-Baroudi [40].
the cylinder’s surface [46]. However, this technique doesn’t provide any insight about the
flow field downstream of the cylinder. Szepessy and Bearman [47] presented a combina-
tion of the two techniques where a moving hot-wire is correlated to a surface pressure
tap at the middle of the cylinder’s span. This hybrid technique gave results similar to
ElBaroudi [40] as the hot-wire was positioned at 1/3 D above the cylinder’s shoulder, as
shown in Figure 2.30. Their results also show the dependency on the aspect ratio of the
test cylinder. The lower aspect ratio provides a better correlation or an almost perfectly
two-dimensional flow field. Such results are very interesting but insight of the spanwise
flow coherence at farther locations downstream of the cylinder using this technique was
not presented.
2.3.1 Effect of fins on the spanwise flow coherence
Hamakawa et al. [33] investigated the flow coherence downstream of spirally finned
cylinders and compared it to that of the bare cylinders. For the finned cylinder case,
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Figure 2.30: Correlation coefficient versus the spanwise spacing between a hot-wire probe
and surface pressure tap, the cylinder aspect ratio is (a) 1.7 and (b) 6.7, Szepessy and
Bearman [47].
they have observed an enhancement in the flow coherence, as shown in Figure 2.31.
Similarly, Ziada et al. [36] investigated the flow correlation downstream of twisted ser-
rated finned cylinders at different orientations, as shown in Figure 2.32. They reported
that the finned cylinders experience the same three-dimensionality behaviour as the bare
cylinders. However, they have found that, for certain orientations, the finned cylinder
gives better flow coherence than that of the bare cylinder. This indicates that the fins
may actually organize the flow and make the flow field closer to a two-dimensional field.
They attributed the orientation dependency to the non-symmetrical wavy patterns of the
twisted serrated fins. Yet, for a certain finned cylinder case, the flow coherence is found
to degrade and becomes lower than that of the bare cylinder, as shown in Figure 2.32d.
All of the orientations of this finned cylinder case did not give any better coherence and
such discrepancy was unexplained. The literature lacks any investigation of the effect of
circular straight fins on the spanwise flow coherence. Also, the conditions under which
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Figure 2.31: Correlation coefficient along the span of a bare and a spiral finned cylinder,
Hamakawa et al. [33]
the fins enhance or degrade the flow coherence are not presented in the literature.
2.4 Generation of Aerodynamic Sound
Historically, the aerodynamic sound, or Aeolian tones, was first reported by Strouhal
(1878) where it was interpreted as a result of the friction between the air stream and
moving body, and therefore, referred to as friction tones. Strouhal performed his early
experiments by attaching a wire to a hand-whirling apparatus and recording his observa-
tion of audible tones at different whirling speeds [48]. Strouhal found that the frequency
of sound was independent of the wire tension or length. Only the wire diameter and
rotation speed had an intense effect on the frequency of the generated sound. Strouhal
reported this observation and interpreted the generated sound as a result of the friction
between the air and the wire surface [49].
Many researchers have carried out similar experiments to characterize the sound gen-
erated by flow over bodies and ended up with similar observations to those of Strouhal
[48]. The relation between the frequency, velocity, and cylinder diameter (or character-
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Figure 2.32: Correlation coefficient along the cylinder span, twisted serrated finned cylin-
ders, Ziada et al. [36].
Chapter 2. Literature Review 40
Figure 2.33: Schematic of the quadruple sound source due to the fluctuating lift and drag
forces, figure is reproduced from Etkin et al. [50].
istic length for other geometries) was established, as shown earlier in Equation 2.1. The
theoretical formulation that governs the energy conversion from dynamic flow energy into
acoustic energy was first developed by Lighthill [51, 52]. It was shown that the basic flow
governing equations can be used to derive a formulation for the sound generation due to
a turbulent flow. In the case of flow over a cylinder, the sound source emanating from
the cylinder is considered a quadruple source, which means that the sound propagates in
both directions of the oscillating lift and drag forces, as shown in Figure 2.33. However,
as observed in many experiments, the oscillating lift force is almost ten times the oscil-
lating drag force. Therefore, the sound source in the case of a cylinder is better described
as a dipole source [53]. The sound propagation through a uniform medium is derived






where ρ is the density and υi is the velocity component(s) in direction(s) xi. Similarly,
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where P is the pressure and Ṡ is the divergence of the stress tensor that represents the
viscous losses. For simplicity, the Ṡ term is assumed to be zero and the equation of state
is used to replace the pressure variation with density variation as follows:
dP = c2dρ (2.6)
where c is the speed of sound, c =
√
γRT . Hence, the homogeneous two-dimensional
wave equation can be obtained from the three equations as:
∂2ρ
∂t2
+ c2∇2ρ = 0 (2.7)
However, since the stress tensor was neglected, this equation only describes the outward
radiation of sound though a uniform medium following a constant speed of sound [54]. In
order to account for the sound generation, Lighthill [51] proposed the use of the turbulent
stress tensor, Tij, which is given by:
Tij = ρυiυj + Pij − c2ρδij (2.8)
where ρυiυj is the Reynolds stress, Pij is the compressive stress tensor, and δij is the
Kronecker delta function (δij = 1 for i = j and δij = 0 for i ≠ j). Hence, the wave equation
can be re-written as:
∂2ρ
∂t2




which is known as Lighthill’s equation in the literature. The solution of this equation
generally describes the sound generation in a fluid due to turbulent flow. This formula-
tion did not account for the interaction of sound waves and solid boundaries, therefore,
Curle [55] extended the work of Lighthill by including the reflection of sound on solid
boundaries. The sound wave reflection gives redistributed dipole sources on the bound-
aries. Hence, the generation of quadruple sound source generation for the case of a
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cylinder, that was initially proposed by Lighthill [51], is better described by a dipole
source emanating in a direction perpendicular to the flow velocity.
The problem of exactly predicting the aerodynamic sound using Lighthill’s equation
emerges from the complexity of precisely determining the stress tensor for a turbulent
flow. However, it was adopted by many researchers and compared to experimental results.
Etkin et al. [50] presented one of the earliest experimental investigations of the sound
generated from a cylinder confined in a duct. It is shown that the existence of the cylinder
leads to generating loud noise at a frequency equal to that of the vortex shedding, which
agrees with the theoretical formulation of Powell [56]; who argued that the motion of
the vortices is the main cause of sound generation. Etkin et al. [50] reported that the
theory may over predict the sound levels, as shown in Figure 2.34. This was further
investigated by Keefe [57] where it was confirmed that the sound is dominant in the lift
force direction. It was also reported that the intensity of the sound source depends on
the eddies correlation length and end effects of the cylinder.
Powell [56] investigated the generation of aerodynamic sound as a result of the motion
of vortices in a flow field. For the case of a free flow field, there is no generation of
vorticity, and therefore, the net sound generation is minimal. For the case of flow over
a cylinder, the flow separates from the surface of the cylinder and forms the opposite-
direction travelling vortex cores. The changes in the circulation strength of these vortices
are reflected directly on the strength of the generated dipole sound source. Howe [58]
further explained this concept in his theory of aerodynamic sound, where it is reported
that the acoustic energy generation or absorption rate, Π, due to a turbulent vortical
flow field can be derived from the source term in the momentum equation as follows:
Π = ∫ ρεijυiυj dV (2.10)
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Figure 2.34: Spectrum of sound resulting from a cylinder at U= 68.6 m/s, Etkin et al.
[50].
Using further manipulation of the governing equations and substituting for the vorticity,
ω = curl v, Howe [58] reached an equivalent form for the acoustic energy generation or
absorption as follows:
Π = ρ∫ υ × u ⋅ ω dV (2.12)
where υ is the acoustic particle velocity, u is the mean flow velocity, and ω is the vorticity.
For the case of a cross-flow in a duct, the free flow velocity is perpendicular to the
acoustic particle velocity. Therefore, the resultant of the dot product of the two velocity
vectors will be zero. When considering the case of cross-flow over a cylinder, the flow
velocity deflects over the surface of the cylinder and the dot product gives rational values
over the flow field that will be multiplied by the vorticity field. In either cases, the
integral gives the instantaneous rate of acoustic energy generation or absorption, and
therefore, should be averaged over a complete cycle in order to give the net resultant
energy. Mohany and Ziada [59] investigated the sound generation for the case of a single
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and tandem cylinder, using Howe’s theory in order understand the flow-sound coupling
in such configurations. It is shown that the net resultant acoustic energy for the case
of a single cylinder will depend on the strength of the vorticity field downstream of the
cylinder, as shown in Figure 2.35a. It is also reported that the net resultant acoustic
energy will be positive, i.e. the cylinder acts as a sound source, as shown in Figure
2.35b. Howe’s theory of aerodynamic sound has been used in many configurations and
gave acceptable results [e.g. sound generation from side-by-side cylinders [60], cross-flow
over rectangular plates [61], cavities or T-junctions [62], and sound dissipation in a jet
or edge [63]]. The main outcome of the application of Howe’s theory is the estimation of
the intensity and distribution of the sound sources within a flow field, which depends on
the strength of the vortices and coupling with the acoustic field.
2.5 Flow-Excited Acoustic Resonance
As mentioned before, the frequency of vortex shedding varies linearly with the flow
velocity for any bluff body. If the vortex shedding frequency coincides with one of the
acoustic natural frequencies of the accommodating enclosure and the flow has sufficient
energy to overcome the system damping, acoustic resonance will be actuated and severe
noise will be generated. This flow-excited acoustic resonance phenomenon occurs over
a range of velocities that is often referred to by the lock-in region. This lock-in region
classifies the velocity range at which the shedding frequency jumps to the value of the
acoustic natural frequency of the enclosure and remains constant with the increase of
velocity. During this lock-in region the acoustic pressure experiences a steep increase
and severe noise is generated [64, 65].
The phenomenon of flow-excited acoustic resonance has captured the attention of
many researchers over the past four decades due to its impact on many industries and
engineering applications. The heat exchangers industry of one of the most impacted in-
Chapter 2. Literature Review 45
Figure 2.35: (a) Average acoustic energy generation and absorption over full cycle and
(b) total energy transfer per cycle downstream of a single cylinder, Mohany and Ziada
[59].
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dustries by this phenomenon as it may cause excessive loading on the equipment, which
may lead to catastrophic failures. Flow-excited acoustic resonance of tube bundles of
heat exchangers was investigated by many researchers in the literatrure as well as por-
posing means of suppressing such a phenomenon [66, 67]. The reported acoustic pressure
level many exceed 173 dB in some cases [68, 69]. Such levels are highly harmful to the
operating personnel and may lead to premature failure. Hence, the prediction and sup-
pression of this phenomenon received considerable attention in the literature [70, 71].
Due to the complex nature of the phenomenon, no prediction model or suppression tech-
nique exits in the literature that can be applied universally. Therefore, it was crucial
to understand the underlying physics of the phenomenon by investigating simple geome-
tries such as single cylinder [72], two tandem cylinders [73], and side-by-side cylinders
[74]. Such investigations provide an essential understanding of the flow-sound coupling
mechanism. However, most of the work in the literature dealt with bare cylinders while
finned cylinders were rarely discussed.
Figure 2.36 shows a typical aeroacoustic response of a single cylinder in cross-flow [72].
The horizontal axis is the reduced flow velocity, Ur, which is a dimensionless parameter





where U is the flow velocity, fa is the natural frequency of the duct, and D is the
cylinder diameter. It is shown that the frequency of the vortex shedding follows a linear
relationship with the flow velocity, following a Strouhal number of 0.2, until it coincides
with the value of the first natural acoustic cross-mode. Hence, acoustic resonance is
attained and a standing wave is built up in the traverse direction, perpendicular to the
flow direction and cylinder’s axis. It is reported that the acoustic pressure exceeds the
value of 2000 Pa in this case, which is equivalent to 160 dB. As the flow velocity is
increased, the frequency of vortex shedding exits the lock-in region and acoustic pressure
diminishes to relatively small values.
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Figure 2.36: Aeroacoustic response of a single bare cylinder showing the (a) frequency
and (b) acoustic pressure amplitude versus the reduced velocity, D = 25.4mm, Blevins
and Bressler [72].
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Similar behavior was reported for the case of finned cylinders. For the case of cir-
cular straight fins, Eid and Ziada [39] showed that the flow-excited acoustic resonance
phenomenon would occur in a similar manner. Figure 2.37 shows their results for several
finned cylinders compared to bare cylinders. In this figure, bare cylinder (I) is a bare
cylinder with the same effective diameter of finned cylinder (II) and the bare cylinder
(II) has the same effective diameter of finned cylinder (III). The abscissa in this figure is
the reduced flow velocity and the ordinate is the normalized sound pressure. The sound
pressure is normalized by the dynamic head of the flow and Mach number as follows:




where Prms is the root mean square amplitude of the acoustic pressure, ρ is the fluid
density, U is the flow velocity, and M is the Mach number. Blevins and Bressler [72]
proposed that the acoustic pressure measured during resonance would be proportional





where U is the velocity, D is the cylinder diameter, and H is the duct height. Therefore,
this normalization scheme is used in order to collapse the results into the same order
of magnitude when similar diameter cylinders are compared. The dynamic head can
be further replaced by the pressure drop across the cylinder, and hence, the acoustic
pressure becomes proportional to the pressure drop as follows:
Prms ∝ (U/c)△ Pdrop (2.16)
Since, the bare cylinder presented in Eid and Ziada’s [39] work has a diameter equal to the
effective diameter of the finned cylinder, which is based on the concept of having the same
frontal area. One would expect that the finned cylinder would have the same pressure
drop and the same acoustic pressure upon exciting the resonance. Figure 2.37 shows
that the finned cylinders exhibit the same flow-excited acoustic resonance phenomenon
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and the lock-in region occurs over a relativly similar range of flow velocities. However, it
is also shown that the finned cylinders have substantially lower acoustic pressure levels
during the flow-excited acoustic resonance. Eid and Ziada [39] attributed this behaviour
to the effect of the fins on the vortex shedding process. They argued that the fins disrupt
the vortex shedding process and hence, reduce the acoustic pressure levels upon exciting
the resonance. However, based on the preliminary results of this thesis, it is shown that
their results are dependent on the cylinder’s aspect ratio in their investigation.
2.5.1 Effect of flow coherence on the flow-excited acoustic res-
onance
A clear relationship between the flow coherence and flow-excited acoustic resonance phe-
nomenon is not presented in the literature. As mentioned earlier, the spanwise flow
coherence represents the degree on two-dimensionality, or consistent vortex shedding, of
the flow field downstream of the cylinder. This vortex shedding leads to the flow-excited
acoustic resonance, which excites a standing wave in the traverse direction, i.e. per-
pendicular to the wake oscillations. Hence, it is fair to assume that any changes in the
flow coherence may reflect on the level or onset of the acoustic resonance. Such corre-
lation was never investigated in the case of flow-excited acoustic resonance. However,
other investigations in the literature gave some leads on this correlation. Blevins [44]
reported a noticeable enhancement in the spanwise flow coherence over a single cylinder
when an external sound field was applied, as shown in Figure 2.38. Similarly, Koop-
mann [75] investigated the flow coherence downstream of an oscillating cylinder. It is
reported that the three-dimensional flow field downstream of a stationary cylinder be-
comes two-dimensional when the cylinder oscillates at a frequency equal or close to the
vortex shedding frequency downstream of the cylinder. These observations indicate that
the flow field downstream of the cylinder becomes two-dimensional, i.e. well-correlated,
when the acoustic resonance is artificially attained. In this case, the vortex shedding
Chapter 2. Literature Review 50
Figure 2.37: Aeroacoustic response of isolated bare and finned cylinders, Eid and Ziada
[39]
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Figure 2.38: Spanwise coherence at vortex-shedding peak as a function of separation
between two probes with and without the application of sound field
process is modulated by the external sound or oscillations and hence, the flow coherence
is improved.
The finned cylinders are shown to enhance the spanwise flow coherence, under certain
conditions, as reported by Ziada et al. [36]. Hence, thorough investigation of the effect
of fins on the spanwise flow coherence downstream of the finned cylinders and correlating
that to their effect on the flow-excited acoustic resonance is called for. Also, a parametric
investigation of the effect of the fins’ dimensions on the flow coherence and flow-excited
acoustic resonance is needed. Therefore, the objective of this work is to characterize
the vortex shedding process and flow coherence downstream of a single finned cylinder
and compare them to those of an equivalent bare cylinder. Such characterization can be
correlated to the observed acoustic pressure levels of the flow-excited acoustic resonance
and clarify the flow-sound coupling mechanism of the finned cylinders. Furthermore,
several finned cylinders are investigated in order to present the effect of the fin thickness
and spacing on the vortex shedding process and flow coherence downstream of the cylinder
Chapter 2. Literature Review 52
and relate that effect to the acoustic resonance excitation.
2.6 Summary and Research Needs
The previous literature review shows that the effect of fins on the flow-sound interaction
mechanism is not clearly understood. Many researchers focused on the vortex shedding
phenomenon and flow-sound interaction mechanism of a single cylinde, as well as other
simple geometries, aiming to fully understand the flow-excited acoustic resonance. How-
ever, most of this work was focused on bare cylinders and few studies dealt with finned
cylinders. Among these studies, there is a certain level of contradictions, or ambiguities,
that needs to be clarified. Therefore, the flow-sound interaction mechanism of finned
cylinders can be fully comprehended by investigating three main aspects, as follows:
 The onset and levels of the flow-excited acoustic resonance resulting from finned
cylinders need to be investigated and compared to those of bare cylinders. The
effect of varying fins’ thickness and spacing on the acoustic resonance excitation
also needs to be clarified.
 Full characterization of the vortex shedding process and spanwise flow coherence
downstream of finned cylinders needs to be performed. Comparison of these flow
parameters to those resulting from the equivalent bare cylinders is needed. Such
characterization can be used to explain the observed acoustic resonance and further
clarify the flow-acoustic coupling mechanism of the finned cylinders. The effect of
the fins’ thickness and spacing on the vortex shedding process and spanwise flow
coherence downstream of the cylinder needs investigation and any observed effects
should be correlated to the acoustic resonance excitation.
 The effect of the aspect ratio of the tested cylinder needs to be clarified. No
work in the literature investigated the effect of the cylinder’s aspect ratio on the
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acoustic resonance excitation levels. For a realistic three-dimensional flow field, the
aspect ratio may play an important role on dictating the dynamic loading levels
on the cylinder, and hence, the resulting acoustic pressure. Needless to say, this
investigation is needed for both of the bare and finned cylinders cases.
Chapter 3
Experimental Setup
The objectives of this work are fulfilled by performing an extensive number of experiments
in a custom-made open loop wind tunnel. The experiments are divided into two main
stages. In the first stage, the experimental setup is built and bench-marked against
results from the literature. Hence, acoustic measurements of the flow-excited acoustic
resonance of different cylinders are performed. In the second stage, the test section of the
wind tunnel is configured to allow for flow measurements using a single or two hot-wire
probes. The flow field measurements are performed and used to explain the observed
acoustic measurements. The same experimental procedure is used for testing various
finned cylinders having different fin parameters such as fin thickness and spacing. Three
test sections are built in order to allow for the investigation of the effect of the aspect
ratio of the tested cylinder(s) on the intensity of the flow-excited acoustic resonance.
The following sections provide a detailed description of the different components used
throughout this work showing the design aspects and selection criteria.
3.1 The Test Setup
The test setup consists of an open loop wind tunnel connected to a centrifugal air blower
which is driven by an electrical motor. The wind tunnel consists of a bell-mouth intake,
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Figure 3.1: Rendered drawing of the main components of the open-loop wind tunnel.
a test section, and a diffuser, as shown in Figure 3.1. Each of these components has a
certain role that defines its design. The bell-mouth intake is used to straighten the intake
of air and reduce the turbulence effects of the intake edges. The smooth entrance of the
bell-mouth will reduce the pressure drop, which will reduce the required power to achieve
high speeds. The bell-mouth is manufactured out of compressed cardboard that is bent
to the required curved entrance shape that should result in the lowest pressure drop,
i.e. an elliptical profile. The bell-mouth curved intake is rigidly connected to the test
section via wood flanges. The test section is manufactured out of 19 mm thick plywood.
Two side windows were included so that different tube arrangements can be tested in
the future. A cross section area 254 mm in height and 127 mm in width is maintained
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Figure 3.2: Schematic drawing of the wind tunnel showing the relative cylinder location
and microphone positions with respect to the used coordinates. P(y) and v(y) describe
the acoustic pressure and acoustic particle velocity distribution along the duct height for
the first acoustic cross-mode.
throughout the test section. These dimensions were carefully selected in order to achieve
a certain velocity range, knowing the capability of the available blower, in order to ensure
that the self-excited acoustic resonance will be materialized. The height is selected so
that the frequency coincidence for a single 25.4 mm diameter cylinder can be achieved
at approximately 50% of the full speed of the blower. Also, this height is selected so
that the results can be compared to those presented in the literature (e.g. Blevins [44],
Blevins and Bressler [72], Eid and Ziada [39], and Mohany [76]). The test section width
dictates the volumetric flow rate and aspect ratio of the tested cylinder (l/D). The l/D
ranges between 5 and 10, depending on the tested cylinder diameter. This allows for
the development of a three-dimensional flow field as this range is above the common
correlation length value, λ ≈ 3D. Two other test sections were manufactured following
the same methodology in order to further investigate a wider range of aspect ratios. The
heights of these test sections are kept at 254 mm, while the widths are 76 mm and 178
mm. This extends the range of the aspect ratios of the tested cylinder to 3 - 14 diameters,
using different cylinder diameters.
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The tested cylinders are positioned horizontally at the middle of the test section
height, as shown in Figure 3.2. This height gives a first acoustic resonant mode at 670





where fa is the first acoustic mode, c is the speed of sound, and H is the duct height.
Both the acoustic particle velocity and acoustic pressure follow a sinusoidal distribution
along the test section height, as shown in Figure 3.2. This means a zero acoustic particle
velocity at the walls and maximum acoustic particle velocity at the mid-height of the
duct. Therefore, when acoustic resonance is attained, only the odd acoustic cross-modes
will be excited (first, third, fifth, etc.), as the even cross-modes require zero acoustic
particle velocity at the mid-height, which is contradicted by the existence of the cylinder
in the mid-height. A thorough investigation of the effect of the cylinder location on the
excitation mechanism of the different acoustic cross-modes can be found in Arafa and
Mohany [78].
The diffuser is used to connect the test section to the centrifugal blower. It is designed
so that the divergence angle does not exceed 14○ in order to maintain minimum flow
separation. The diffuser is designed so that it can feature a considerable pressure recovery,
while maintaining the maximum velocity at the test section. It is manufactured out of
19 mm thick plywood that is sanded and painted to minimize the friction losses. The
diffuser is connected to the test section via wood flanges and connected to the blower
via a flexible duct connection to minimize vibration transmission from the blower. The
centrifugal blower is driven by a 75 HP electrical motor. The electrical motor is controlled
by a variable frequency drive, which allows for the control of the flow velocity in the
test section. The pressure drop throughout the whole setup was minimized so that the
maximum achievable velocity is 160 m/s, which gives a Mach number of 0.46. The blower
and motor are firmly fixed to the ground via vibration absorption supports to minimize
vibration transmission.
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3.2 Acoustic Measurements Technique
The acoustic pressure is measured by a pressure microphone. The microphone is 6.35
mm in diameter (1/4 inch) and manufactured by PCB Pizotronics (model: 377A12). The
microphone’s signal is amplified by a PCB Pizotronics pre-amplifier (model: 426B03).
This microphone and pre-amplifier arrangement is powered by a PCB Pizotronics ICP
signal conditioner (model: 482C15). The whole arrangement was calibrated by a G.R.A.S
piston phone (model: 42AB) and it gives a sensitivity of 0.2545 mV/Pa. The sensitivity
of the microphone arrangement is calibrated several times over the course of this work
in order to ensure up-to-date values.
The microphone is flush mounted on the top wall of the test section. It is firmly
fixed to the wall by a brass tube fitting and insulated with a teflon O-ring. The position
of the microphone was selected so that it gives the maximum pressure amplitude upon
measurements. In order to do that, several microphone positions were tested. The flow-
excited acoustic resonance of a single bare cylinder, 19.05 mm in diameter, was excited
and the acoustic pressure was measured at different stream-wise positions. Figure 3.3
shows the peak of the acoustic pressure measurements at these positions when the first
acoustic cross-mode is excited. It is observed that the X/H = 0.1 downstream position
gives the highest acoustic pressure reading, which is 25.4 mm downstream of the cylinder
location. This conclusion agrees well with the literature [76]. Therefore, this position is
going to be used for all of the acoustic measurements hereafter.
The acoustic pressure signal is acquired via a National Instruments data acquisition
card (model: BNC-2110) connected to a desktop computer. Hence, the microphone
signal is recorded and analyzed by a National Instruments’ LabView software. The
number of samples in each time block is 10,000 samples and the sampling frequency is
10 kHz. Each time block is averaged 100 times, which corresponds to a total sampling
time of 100 seconds in real time. These parameters were selected to avoid aliasing and
any instabilities in the measurements and were tested against known signals as well as
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Figure 3.3: Peaks of the acoustic pressure of the first cross-mode versus the microphone
positions for a single cylinder, D= 19.05 mm and U= 70.3 m/s. The cylinder is located
at Y/H= 0 and X/H=0.
results from the literature to ensure the accuracy of the sampling code and parameters.
Afterwards, spectral analysis is performed on the averaged time signal in order to extract
the frequency and acoustic pressure of the dominant peak(s) in the frequency spectra for
each data point. The uncertainty in measurements is described in detail in Appendix A.
3.3 Flow Measurements Technique
The flow field measurements performed in this work are divided into two categories.
The first category is the measurements of the mean flow velocity upstream of the tested
cylinder. This is achieved by the use of a Pitot tube upstream of the cylinder’s location.
The pressure difference picked from the Pitot tube is measured by a digital differential
manometer. This digital manometer uses a piezoelectric element to convert the pressure
difference into an electric signal that can be calibrated to give a pressure reading, which
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can be converted to a velocity reading using Bernoulli’s equation. The second flow
measurements category comprises the characterization of the cross-wake structures and
spanwise flow coherence downstream of the tested cylinders. This is achieved by the
use of a single and two independent constant temperature hot-wires manufactured by
Dantec (model: miniature hot-wire 55P11). The signals of the hot-wires are balanced
with a bridge (model: Dantec MiniCTA). Hence, their signals can be acquired via the
same data acquisition system described in the previous section. Afterwards, the signals
can be averaged to give the mean flow velocity as well as the velocity perturbations and
frequency content.
The characterizations of the cross-wake structures and spanwise flow coherence down-
stream of the cylinders are performed separately. To the capture the cross-wake struc-
tures, a movable hot-wire probe is traversed across the wake of the cylinder at differ-
ent downstream distances. The test section is equipped with a high-resolution two-
dimensional traverse mechanism that is used to control the motion of the movable hot-
wire probe. The custom-made traverse mechanism consists of two orthogonal linear
actuators, as shown in Figure 3.4. The actuators are powered via an Arduino circuit
which is controlled by a desktop computer. The movable hot-wire probe is located pre-
cisely at various locations in the flow field downstream of the cylinder where the velocity
perturbations are captured, as shown in Figure 3.5a. The hot-wire signal is recorded
using a 25 kHz sampling rate for a sampling time of 60 seconds in order to ensure avoid
any measurement disturbances. The turbulence intensity for an empty test section was
less than 1 % over the whole velocity range.
In order to estimate the spanwise flow coherence, the velocity perturbations down-
stream of the cylinder, which are picked up by a movable hot-wire at various locations,
are correlated to a fixed reference point. Two approaches are followed to characterize this
reference point. In the first approach, the reference point is captured by a microphone
that records the fluctuating surface pressure through a pressure tap on the cylinder’s
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Figure 3.4: Rendered drawing of the two linear actuators used to transverse the movable
hot-wire probe within the flow field.
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Figure 3.5: Schematic drawing showing (a) the location of a single hot-wire probe with
respect to the cylinder and (b) the relative location of the pressure tap on the tested
cylinder.
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surface. The 0.8 mm diameter pressure tap is located at the mid-span of the cylinder, as
shown in Figure 3.5b. The pressure tap is located at the cylinder’s shoulder, i.e. 90○ from
the leading stagnation point. Hence, the velocity perturbations are correlated to the ed-
dies separation from the cylinder’s surface. In the second approach, the reference point is
characterized by a stationary hot-wire probe that should be positioned at a certain height
with respect to the cylinder’s wake while the movable hot-wire is moved along the cylin-
der’s span. In order to get the optimum height for the spanwise coherence measurements,
the two hot-wire probes are traversed together across the cylinder’s wake, as shown in
Figure 3.6a. At the optimum height, the two hot-wire probes are configured to move
independently to give the spanwise coherence, as shown in Figure 3.6b. The spanwise
coherence measurements are performed downstream of the cylinder and not at 1/3 D
above the cylinder’s shoulder, as recommended by some researchers in the literature [e.g.
El Baroudi [40] and Szepessy [47]]. If the hot-wires are positioned at 1/3 of the effective
diameter above the finned cylinder, they will be obstructed by the fins and will not be
able to move laterally. Therefore, the measurements had to be performed downstream
of the cylinder. Other investigations in the literature were performed downstream of the
cylinder and showed good agreement with the results obtained at the shoulder of the
cylinder [e.g. Ziada et al. [36] and Wu et al. [42]].
The spanwise flow coherence is represented by the estimation of the correlation coef-
ficient, R, between any point in the flow field and the reference point [79]. For the first
approach, where the surface pressure fluctuations are correlated to velocity perturbations,
the correlation coefficient can be given by:






where p′ is the averaged surface pressure fluctuations and u′ is the averaged velocity per-
turbations. In the second approach, the correlation coefficient is estimated by comparing
the velocity perturbations measured by two hot-wire probes. The correlation coefficient
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Figure 3.6: Schematic drawing showing the location of the two hot-wires with respect
to the tested cylinder (a) shows the motion of the two hot-wire probes together and (b)
shows the motion of the two independent hot-wire probes.
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where u′1 and u
′
2 are the averaged velocity perturbations at the vortex shedding compo-
nent for the movable and stationary hot-wires, respectively. The correlation length, λ, is
estimated by integrating the correlation coefficient along the cylinder’s span, as described
by El Baroudi[40]. It is used to provide a single measure of the average eddy shedding
from the cylinder, and hence, can be further used for comparison between the spanwise
flow coherence of finned and bare cylinders.
3.4 Tested Cylinders
Several bare and finned cylinders were tested over the course of this work. All of the
tested cylinders have a length that is equal to the width of the test section(s) and were
prepared so that they can be rigidly supported to the test section walls. Bare cylinders
with different diameters were manufactured out of industrial grade aluminum rods. These
diameters were selected to match the effective diameters of the finned cylinders. Straight
finned cylinders were manufactured by grooving down solid aluminum rods to the required
fin thickness, height, and spacing. A precise CNC machine code was used to achieve this
grooving process for each fin. Hence, the process was repeated over the full span of
the cylinder to produce identical straight circular fins. Using this technique, several
finned cylinders were manufactured having different fin parameters such as spacing or
thickness. Figure 3.7 shows the fin parameters under investigation while Table 3.1 shows
the dimensions of the manufactured finned cylinders. Fin height, h, is equal to 6.35 mm
in all of the finned cylinders, except for Finned cylinder XIII and XIV where h = 4.5
mm. These fin parameters were selected matching the commonly used values in the
industry. Out of this table, different sets of finned cylinders can be picked in order to
study the effect of a certain fin parameter on the flow-sound interaction mechanism.
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Figure 3.7: Detailed drawing of the finned cylinder showing parameters of the circular
fin, De is the hypothetical effective diameter.
Table 3.1 also shows the corresponding effective diameter for each case, based on the
formula developed by Mair et al. [35], refer to Equation 2.2. Finned cylinders XIII and
XIV were manufactured with the exact fin parameters as those of Eid and Ziada [39] for
the sake of fair comparison.
3.5 Experimental Procedures
Experiments were performed throughout the course of this work following different pro-
cedures depending on the required output. In the aeroacoustic response experiments, the
required output is the relationship between the acoustic pressure, frequency, and the flow
velocity. Hence, each cylinder is rigidly supported at the mid-height of the test section
and subjected to cross flow of air. The flow velocity is controlled by varying the fre-
quency of the electric motor, which controls the suction of the blower. The experimental
procedure in this case is as follows; the flow velocity is increased by a certain step, the
system is allowed some time to stabilize, and then the microphone signal is acquired.
This procedure is repeated until the whole velocity range is swept. The velocity step is
refined upon approaching the lock-in region to better capture the onset of the flow-excited
Chapter 3. Experimental Setup 67
Table 3.1: Dimensions of the tested straight finned cylinders.
t s Fin De
(mm) (mm) Density (mm)
(fin/inch)
Finned cylinder I 1.50 1.50 8.47 19.05
Finned cylinder II 1.00 2.00 8.47 16.93
Finned cylinder III 0.50 2.50 8.47 14.82
Finned cylinder IV 1.50 2.50 6.35 17.46
Finned cylinder V 1.50 4.85 4.00 15.70
Finned cylinder VI 0.75 1.50 11.29 16.93
Finned cylinder VII 0.35 1.50 13.73 15.10
Finned cylinder VIII 0.35 2.65 8.47 14.18
Finned cylinder IX 0.35 6.00 4.00 13.40
Finned cylinder X 0.35 4.15 5.64 13.69
Finned cylinder XI 0.35 2.00 10.81 14.59
Finned cylinder XII 1.50 3.00 5.64 16.93
Finned cylinder XIII 0.38 4.02 5.31 15.70
Finned cylinder XIV 0.38 1.82 9.84 16.30
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acoustic resonance.
In the wake structures experiments, the required output is to map the flow field.
Hence, each cylinder is subjected to a constant flow velocity and the traverse mechanism
is used to move the hot-wire probe to different points in the flow field. The hot-wire
probe is then used to capture the wake profile across the cylinder by recording the ve-
locity perturbations at different points. Such experiments are repeated at different flow
velocities and at different downstream distances in order to fully map the flow field. For
the flow coherence experiments, the tested cylinder is also subjected to a constant flow
velocity while the hot-wire is used to characterize the spanwise flow coherence with re-
spect to a fixed reference point. This process is also repeated at other flow velocities
and downstream distance. It is worthy to mentioned that all of the hot-wire measure-
ments were performed at off-resonance conditions. Similarly, the aeroacoustic response
measurements were performed in the absence of the hot-wires and traverse mechanism.
Chapter 4
Flow-Excited Acoustic Resonance of
Finned Cylinders
The flow-sound interaction mechanism of finned cylinders is investigated in this thesis
by tackling two main aspects. These aspects are the aeroacoustic response of finned
cylinders and flow structures downstream of finned cylinders. First, the aeroacoustic
response of a single finned cylinder is investigated and compared to that of an equivalent
bare cylinder with emphasis on the acoustic pressure levels resulting from the occurrence
of the flow-excited acoustic resonance as well as the onset of the lock-in region. The
effect of fin parameters, such as the fin thickness and spacing, on the onset and levels of
acoustic resonance excitation is characterized in this chapter. In the subsequent chapter,
the effects of the fins on the flow structures are investigated and correlated to the observed
behaviour reported herein.
4.1 Aeroacoustic Response of a Single Bare Cylinder
The aeroacoustic response of a single bare cylinder is initially investigated in order to
benchmark the test setup and measurements technique. The aeroacoustic response of
a cylinder describes the relationship between the acoustic pressure, frequency, and flow
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velocity at each measurement point. Spectral analysis of the microphone signal, recorded
at each flow velocity, is performed in order to show the dominant peak(s) in the frequency
spectra, as shown in Figure 4.1. The vortex shedding peak can be detected as it varies
with the flow velocity while the first acoustic cross-mode peak is observed at a constant
value, as shown in Figure 4.1a. When the resonance is excited, the two peaks merge
together and give an intense acoustic pressure peak, as shown in Figure 4.1b. During
this excitation region, the generated acoustic pressure is much larger than what is ob-
tained when the resonance was not excited, as shown in Figure 4.2. The pressure peaks
can be extracted from the frequency spectra at each flow velocity in order to plot the
aeroacoustic response. Figure 4.3 shows the aeroacoustic response of a 25.4 mm diameter
cylinder tested in the 76.2 mm width test section. Figure 4.3a shows that the average
Strouhal number for this case is 0.198, which agrees with the results in the literature.
The vortex shedding frequency increases linearly with the flow velocity until the acoustic
resonance is obtained around flow velocity of 80 m/s. At this point, acoustic resonance
of the first acoustic cross-mode is excited and the frequency value is retained at 647
Hz. The frequency does not change with the increase of the flow velocity. This region
is further referred to by the lock-in region. The acoustic pressure increases significantly
and maximum recorded acoustic pressure during the lock-in region is 2398 Pa, which is
equivalent to 161.6 dB. As the flow velocity increases, the lock-in region ends, around
flow velocity of 100 m/s, and afterwards, the frequency retrieves its linear increment with
the flow velocity.
The aeroacoustic response of the bare cylinder shows good agreement with the results
in the literature, as shown in Figure 4.4. Both of the onset of the lock-in region and the
levels of the generated acoustic pressure are similar to those reported in the literature
although the two cases were performed in different experimental setups. The reduced
velocity, Ur, is used in the normalization of the flow velocity in the results thereafter as it
eliminates the effect of the cylinder diameter on the occurrence of the onset of resonance.
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Figure 4.1: Acoustic pressure spectrum generated downstream of a single bare cylinder,
D= 25.4 mm, for flow velocity of (a) 54 m/s (off-resonance) and (b) 80 m/s (onset of
resonance).
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Figure 4.2: Waterfall plot of the frequency spectra measured downstream of a single bare
cylinder, D = 25.4 mm.





where U is the flow velocity, fa is the frequency of the first acoustic mode for the test
section, and D is the cylinder diameter. This indicates that the reduced velocity will be
equal to the inverse of Strouhal number, St ≈ 0.2, when the resonance is excited, i.e.
fa = fv. Therefore, the acoustic resonance takes place around a reduced flow velocity
of 5. The generated acoustic pressure for a single bare cylinder also depends on the
cylinder diameter. This is due the fact that the larger cylinder’s diameter will require
larger velocities to achieve the same vortex shedding frequency, which implies that the
flow-excited acoustic resonance will occur at larger velocities. The flow would have a
larger dynamic head so, when the acoustic excitation takes place, the generated acoustic
pressure will be higher. Therefore, the acoustic pressure is normalized by the dynamic
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Figure 4.3: Aeroacoustic response of a single bare cylinder, D = 25.4 mm, showing the
flow velocity versus (a) frequency and (b) acoustic pressure.
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Figure 4.4: Comparison of the aeroacoustic response for a single bare cylinder in cross
flow, D = 25.4 mm and W = 76.2 mm.
head of the flow and the Mach number, as proposed by Blevins and Bressler [72]. The
normalized acoustic pressure, P ∗, is given by:




where Prms is the root mean square of the acoustic pressure amplitude, ρ is the fluid
density, U is the flow velocity, and M is the Mach number. Upon using the normalized
acoustic pressure and reduced flow velocity, the results of different bare cylinders collapse
to the same order of magnitude, as shown in Figure 4.5. This indicates the viability of
using this normalization scheme in the comparison of different cylinders. It is important
to mention that generated acoustic pressure level upon resonance may depend on the
aspect ratio of the test section. Therefore, all of the results shown thereafter are obtained
from experiments in the 127 mm width test section. The effect of the test section aspect
ratio, i.e. aspect ratio of the tested cylinder, on the excitation levels of bare and finned
cylinders are presented in detail in Chapter 7.
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Figure 4.5: Comparison of the aeroacoustic responses for different bare cylinders showing
(a) acoustic pressure versus flow velocity, in physical dimensions, and (b) normalized
acoustic pressure versus reduced flow velocity, W = 127 mm.
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Figure 4.6: Comparison of the Strouahl number finned cylinder I and its equivalent bare
cylinder, t = 1.5 mm, s = 1.5 mm, De =D = 19.05 mm.
4.2 Flow-Excited Acoustic Resonance of a Single Finned
Cylinder
For finned cylinder I, it is found that the cylinder experiences the same mechanism
for the vortex shedding phenomenon. This is evidenced by the observation that the
vortex shedding frequency follows a linear relationship with the flow velocity. The linear
variation follows an average Strouhal number value of 0.201, upon using the effective
diameter, as shown in Figure 4.6. The equivalent bare cylinder has an average Strouhal
number of 0.199, when tested at the same flow velocities. When the flow velocity increases
towards the frequency coincidence, it is observed that the finned cylinder experiences an
aeroacoustic response in the same manner as that of the bare cylinders, as shown in Figure
4.7. Both of the cylinders follow the same linear relationship between the frequency and
velocity, Figure 4.7a; however, finned cylinder I gives higher acoustic pressure, compared
to its equivalent bare cylinder, and the onset of resonance occurs at an earlier velocity,
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Figure 4.7: Comparison of the aeroacoustic response of finned cylinder I and its equivalent
bare cylinder, t = 1.5 mm, s = 1.5 mm, De =D = 19.05 mm.
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Figure 4.8: Pressure drop versus the Mach number for finned cylinder I and its equivalent
bare cylinder, De =D = 19.05 mm.
Ur = 4, compared to the bare cylinder, Ur = 4.7, as shown in Figure 4.7b.
The pressure drop across finned cylinder I and its equivalent bare cylinder is almost
identical, as shown in Figure 4.8. This indicates that the dynamic head, i.e. energy
input to the system, for both cases is the same, as proposed by Blevins and Bressler
[72]. Therefore, the aeroacoustic response results indicate that adding fins to the cylinder
creates a flow field that is more susceptible to acoustic excitation. The use of the effective
diameter, based on the frontal area of the finned cylinder, gave a Strouhal number value
close to that of the bare cylinder. This indicates that the effective diameter may be
successful in predicting the frequency response of the finned cylinders at off-resonance
conditions. However, a bare cylinder having the same effective diameter does not give a
viable prediction for the onset or excitation level of the acoustic resonance resulting from
the finned cylinder.
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Figure 4.9: Comparison of the aeroacoustic response of finned cylinder II and its equiv-
alent bare cylinder, t = 1 mm, s = 2 mm, De =D = 16.9 mm.
4.3 Effects of Fin Parameters on the Acoustic Reso-
nance Excitation
As mentioned before, several finned cylinders were investigated in order to determine
the effect of the fin parameters on the excitation of acoustic resonance. For the case of
finned cylinder II, the fin density was maintained as that of finned cylinder I while both
of the fin thickness and spacing were changed accordingly. The fin thickness is reduced
from 1.5 to 1 mm while the fin spacing was increased from 1.5 to 2 mm. Hence, the
fin density is still the same, 8.47 fins/inch, while the effective diameter changes to 16.9
mm. The Strouhal number for this finned cylinder equals to 0.197 using this effective
diameter value, which indicates that varying the fin thickness or spacing does not alter
the vortex shedding phenomenon. Figure 4.9 shows the normalized acoustic pressure for
finned cylinder II compared to that of a bare cylinder having the same effective diameter,
D =De = 16.9 mm. It is shown that the normalized acoustic pressure for this case is still
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higher than that of the bare cylinder and the onset of acoustic resonance occurs at an
earlier velocity. However, when comparing this case to the case of finned cylinder I, it
can be observed that the difference between the finned and the bare cylinder is not the
same in each case. This indicates that the fin thickness and spacing have a significant
effect on the excitation of acoustic resonance. This behaviour is further investigated
by testing a third cylinder, finned cylinder III, that has a fin thickness and spacing of
0.5 and 2.5 mm, respectively. The fin density is still the same, 8.47 fins/inch, while
the effective diameter based on these parameters is 14.8 mm, which results a Strouhal
number of 0.196. Figure 4.10 shows a comparison between the three finned cylinders and
a bare cylinder having the root diameter. The root diameter is used in this comparison
because it is constant for the three cases and it is very close to the effective diameter
of finned cylinder III. The comparison shows that there is a trend in the decrements of
the maximum acoustic pressure with the change of the fins’ parameter. Therefore, the
effect of each fins’ parameter on the acoustic excitation is independently investigated in
the following sections.
4.3.1 Effect of fin spacing
The first fin parameter under consideration is the fin spacing. The fin spacing provides
the free flow area, or flow channels, over the finned cylinder’s surface. As the flow
deflects towards the shoulder of the cylinder, flow channels are created through the free
areas between the fins. Then, these flow channels lead to the generation of miniature
flow jets as the emanating flow merges with the separated shear layer. This may affect
the strength of the vortex shedding process downstream of the cylinder, which will be
discussed in detail in the subsequent chapters. Any changes in the vortex shedding process
would reflect on the acoustic resonance excitation. The first set of finned cylinders under
investigation, (I, II, III), showed that the acoustic resonance excitation depends on the
fins’ spacing. However, the fin thickness was varied in the three cases as well in order
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Figure 4.10: Aeroacoustic responses of different finned cylinders having the same fin
density, 8.47 fins/inch, and variable fin spacing and thickness.
to keep the fin density constant. In order to investigate the fin spacing independently,
two sets of finned cylinders were selected so that each set of cylinder would have the
same fin thickness but variable fin spacing. In the first set of finned cylinders used to
investigate the fin spacing, finned cylinders, I, IV, and V are considered. These finned
cylinders have a constant fin thickness, t = 1.5 mm, and fin spacing of 1.5, 2.5, and 4.85
mm, respectively. Based on these values, the fin density for these cylinders are 8.47, 6.35,
and 4.0 fins/inch, respectively. Figure 4.11 shows the normalized acoustic pressure for
each of the finned cylinders in this case. It is shown that, for the small fin spacing in the
finned cylinder I case, the acoustic pressure was higher and the acoustic resonance was
earlier than that of the bare cylinder. As the fin spacing increases, the acoustic resonance
excitation approaches that of the bare cylinder. The largest fin spacing generates lower
acoustic pressure and delays the onset of the acoustic resonance to levels almost similar
to those of the bare cylinder.
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Figure 4.11: Aeroacoustic responses of different finned cylinders having the same fin
thickness, t = 1.5 mm, and variable fin spacing.
In order to ensure that this behaviour is independent from a particular fin thickness
or height, another set of finned cylinders is considered, which comprises two cases, finned
cylinder XIII and XIV. The fin thickness for these cylinders is 0.38 mm while the fin
spacing is 4.02 and 1.82 mm, respectively. The same behaviour is obtained similar to the
previous set of cylinders, as shown in Figure 4.12. The finned cylinder possessing the
small spacing, XIV, gives higher acoustic pressure while the one with the larger spacing,
XIII, gives lower acoustic pressure, which is slightly higher than that of the bare cylinder.
4.3.2 Effect of fin thickness
The second fin parameter under consideration is the fin thickness. The fin thickness
designates the blocked area of the flow channels over the circumference of the finned
cylinder and separates these channels from each other. Hence, it may affect the devel-
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Figure 4.12: Aeroacoustic responses of different finned cylinders having the same fin
thickness, t = 0.38 mm, and variable fin spacing.
opment of the flow channels through the fins, which may reflect on the vortex shedding
patterns downstream of the cylinder. Thus, it is expected to influence the onset of the
acoustic resonance as well as the peaks of the generated acoustic pressure. The first set
of finned cylinder, (I, II, III), showed that the acoustic resonance excitation depends on
the fin thickness. However, the fin spacing was variable. Therefore, two different sets of
cylinders were inspected in order to investigate the fin thickness independently. Finned
cylinders I, VI, and VII constitute the first set of cylinders selected to investigate the fin
thickness. The fin spacing is constant, 1.5 mm, while the fin thickness in each case is
1.5, 0.75, and 0.35 mm, respectively. The corresponding fin densities for these values are
8.47, 11.29, and 13.73 fins/inch, respectively. In the second set of finned cylinders for
investigating the fin thickness, finned cylinders II and XI are considered. They possess a
different fin spacing in order to make sure that any observed behavior is independent of
a specific fin spacing. The fin spacing is constant, 2 mm, while the fin thickness in each
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Figure 4.13: Aeroacoustic responses of different finned cylinders having the same fin
spacing, s = 1.5 mm, and variable fin thickness.
case is 1 and 0.35 mm, respectively. The corresponding fin densities for these values are
8.47 and 10.8 fins/inch, respectively. Figure 4.13 and 4.14 show comparisons of the aeroa-
coustic response of the different finned cylinders in the first and second set of cylinders,
respectively. It is shown from the two comparisons that larger fin thickness generates
higher levels of acoustic pressure and causes earlier onset for the flow-excited acoustic
resonance. As the fin thickness decreases, the acoustic resonance excitation approaches
that of the bare cylinder.
The previous results can be further comprehended by extracting two main aspects
from the aeroacoustic response of each of the tested cylinders. These aspects are the
maximum normalized acoustic pressure and the reduced velocity for the onset of acoustic
resonance. The maximum normalized acoustic pressure is the peak value of the acoustic
pressure during the lock-in region while the onset of resonance describes the velocity of
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Figure 4.14: Aeroacoustic responses of different finned cylinders having the same fin
spacing, s = 2 mm, and variable fin thickness.
the first point to enter the lock-in region. The maximum normalized acoustic pressure
and the reduced velocity for the onset of resonance are extracted for each finned cylinder
and divided by the same values from the aeroacoustic response of the equivalent bare
cylinder of each case. Hence, the behaviours observed for the different finned cylinder
sets, shown in the previous sections, can be collapsed into few figures. Figure 4.15a shows
the ratio of normalized acoustic pressure versus the fin spacing to effective diameter ratio,
while Figure 4.15b shows the ratio of normalized acoustic pressure versus the fin thickness
to effective diameter ratio. The two figures present the behaviour reported before and
show that they are independent of a certain fin thickness or spacing. It is shown that as
the fin spacing increases the acoustic pressure decreases and approaches that of the bare
cylinder, i.e. a P* ratio of 1, as shown in Figure 4.15a. On the other hand, as the fin
thickness increases, the acoustic pressure increases to higher levels than those of the bare
cylinders, as shown in Figure 4.15a. Similarly, Figure 4.16a and 4.16b show the ratio
of the reduced velocity for acoustic resonance versus the spacing to diameter ratio and
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Figure 4.15: Comparison of the maximum normalized acoustic pressure of different finned
cylinders for variable (a) fin spacing and (b) fin thickness. The maximum normalized
acoustic pressure for each case is divided by the maximum normalized acoustic pressure
for its equivalent bare cylinder.
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Figure 4.16: Comparison of the onset of acoustic resonance for different finned cylinders
for variable (a) fin spacing and (b) fin thickness. The onset of acoustic resonance for
each case is divided by the onset of acoustic resonance for its equivalent bare cylinder,
the dotted line represents the onset of a bare cylinder.
Chapter 4. Flow-Excited Acoustic Resonance of Finned Cylinders 88
thickness to diameter ratio, respectively. With the increase of the fin spacing, the onset
velocity ratio increases, which means that the resonance is delayed and approaches that
of the bare cylinders. Conversely, with the increase of the fin thickness, the onset velocity
ratio decreases, which means that the acoustic resonance occurs at earlier velocities.
4.4 Summary and Conclusions
The aeroacoustic response of a single finned cylinder in cross-flow is experimentally in-
vestigated and characterized in this chapter. The aeroacoustic response of the finned
cylinder is compared to that of a bare cylinder having the same effective diameter, which
is based on the added frontal area, or blockage, due to the fins. Comparison of the
aeroacoustic responses of different finned cylinders with their equivalent bare cylinders
shows that adding fins to the cylinder increases the acoustic pressure amplitudes dur-
ing resonance and promotes the occurrence of the acoustic resonance at lower reduced
flow velocities. This indicates that the fins lead to a more susceptible-to-excitation flow
field. Several finned cylinders have been tested in order to characterize the effects of
fin parameters on the flow-excited acoustic resonance. It is shown that the peak of the
acoustic pressure is proportional to the fin thickness but inversely proportional to the fin
spacing. Also, the onset of the acoustic resonance becomes earlier with the increase of
fin thickness or reduction of fin spacing.
The Strouhal number for the different finned cylinders, calculated using the effective
diameter, collapse around the value of 0.2. This indicates that the addition of the fins
does not significantly alter the vortex shedding mechanism. However, the aeroacoustic
response results indicate that adding fins to a single cylinder changes its susceptibility to
cause flow-excited acoustic resonance. Any changes in the strength of the vortex shedding
process or coherence of the flow may explain the observed behaviour. This signifies the
need for further insight of the effect of the fins on the wake structures downstream of the
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cylinder in order to understand the observed acoustic resonance results, which paves the
way for the investigation presented in the following chapter.
Chapter 5
Flow Structures Downstream of
Finned Cylinders
In order to characterize the vortex shedding process downstream of finned cylinders,
initial inspection of the wake structures is performed and compared to that of a bare
cylinder. The objective of this inspection is to determine the effect of the fins on the
velocity deficit and perturbations downstream of the cylinder. It is also performed to
capture the effect of the fins on the strength of the vortex shedding process across the
wake. Afterwards, measurements of the spanwise flow coherence downstream of the
finned and bare cylinders are performed. The wake structures downstream of different
finned cylinders are investigated in order to determine the effect of fin parameters on
the vortex shedding process and hence, further elaborate the dependency of the acoustic
resonance excitation on the fin spacing and thickness.
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Figure 5.1: (A) schematic drawing of the cross-wake measurements and (b) sample of
hot-wire spectra at a given elevation from the cylinder’s centerline.
5.1 Velocity Spectra Downstream of Bare and Finned
Cylinders
The vortex shedding process downstream of bare and finned cylinders is investigated by
traversing a single hot-wire probe across each cylinder’s wake, as shown in Figure 5.1a.
Spectral analysis of the hot-wire signal gives the velocity fluctuations at each frequency
as well as the mean flow velocity. The dominant peak in the velocity spectra occurs
at the vortex shedding frequency, as shown in Figure 5.1b, while a secondary peak can
be observed at double the frequency of the vortex shedding, which is the first harmonic
peak. For the bare cylinder case, Figure 5.2a shows the vortex shedding component,
observed around a Strouhal number of 0.2, at different hot-wire elevations with respect
to the cylinder’s centerline. These velocity spectra are captured at 50.8 mm downstream
of the 19 mm diameter bare cylinder, i.e. X/D = 2.67. It can be observed that the
strength of the vortex shedding component varies with the elevation, Y /D, as the hot-
wire travels through the wake region. It is also noticed that the strength of the higher
harmonics varies with the hot-wire elevation. Stuart [80] reported that such harmonics
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Figure 5.2: Spectra of the normalized velocity fluctuation at different heights from the
cylinder’s centreline at downstream distance of X/D = 2.67.
are an inherited characteristic of free shear layer flow cases when the velocity fluctuations
exceed 0.03 of the mean flow, which is applicable in the current case. The existence and
strength of these harmonics indicates the high susceptibility of the flow field to flow
instabilties [81, 82]. It is also observed that the peak values of these high harmonics are
relatively low compared to the main vortex shedding component.
For the finned cylinder’s case, the main vortex shedding component also occurs around
a Strouhal number of 0.2, since the effective diameter is used, as shown in Figure 5.2b.
The main vortex shedding component is stronger around the edge of the wake than that of
the bare cylinder, i.e. around Y /De = 1. It is shown that the vortex shedding component
is sharper and doesn’t decay or entirely disappear inside the wake as observed in the
Chapter 5. Flow Structures Downstream of Finned Cylinders 93
Figure 5.3: Velocity Spectra at different elevations from each finned cylinder’s centreline.
bare cylinder case. The wake of the finned cylinder exhibits a larger number of higher
harmonics. It is also observed that the strengths of the higher harmonics are relatively
larger than those of the bare cylinder.
5.1.1 Effect of fin parameters on the velocity spectra
The effect of the fin parameters on the velocity fluctuations is investigated by testing
several finned cylinders having different fin thickness or spacing. The set of cylinders
under consideration comprises finned cylinders I, II, and III. These cylinders have the
same fin density, 8.47 fins/inch, but different fin thickness and spacing. The velocity
spectra at several locations across the wake of each cylinder in this set is shown in Figure
5.3. By inspecting these spectra, it can be observed that finned cylinder I, Figure 5.3a,
experiences a stronger vortex shedding process and shows multiple strong high harmonics.
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The strength and number of the high harmonics decrease for finned cylinders II and III,
as shown in Figure 5.3b and Figure 5.3c, respectively. Finned cylinder I has the highest
fin thickness and smallest fin spacing in this set. On the contrary, finned cylinder III has
the largest spacing and smallest fin thickness, which indicates that the strength of the
vortex shedding as well as the strength and number of the high harmonics depend on the
fin thickness and spacing. The large fin thickness results in a strong and numerous high
harmonics, while the contrary is observed for the large fin spacing.
5.2 Wake Structures Downstream of Bare and Finned
Cylinders
The flow downstream of a single cylinder can be characterized by investigating certain
aspects such as the averaged mean flow velocity, turbulence intensity, and the velocity
component at the vortex shedding frequency as well as its higher harmonics. Figure
5.4 shows the mean velocity deficit and velocity perturbations profiles downstream of
finned cylinder I and its equivalent bare cylinder, De = 19 mm. These parameters are
given by averaging the hot-wire signals as the hot-wire is traversed across each cylinder’s
wake. The measurements are obtained at a flow velocity of 20 m/s, which corresponds
to a Reynolds number of 2.4 × 104, and were performed at 50.8 mm downstream of
the cylinders, i.e. X/De = 2.67. The two cases show a typical velocity deficit and
perturbations profiles in the wake of the cylinder. However, it is observed that the finned
cylinder experiences a smaller velocity deficit compared to that of the bare cylinder.
A smaller velocity deficit indicates a lower momentum losses in the flow, which means
that the momentum transferred to the wake of the finned cylinder is higher than that
of the bare cylinder. Furthermore, Figure 5.4b shows the profiles of the total turbulence
intensity due to the flow deflection over the cylinders, which is fairly similar in the two
cases.
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Figure 5.4: Profiles of the normalized (a) mean velocity deficit and (b) velocity per-
turbations downstream of finned cylinder I and its equivalent bare cylinder, D = De =
19.05 mm, X/D = 2.67.
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Figure 5.5: Profiles of the normalized (a) vortex shedding component and (b) the first
higher harmonic for finned cylinder I and its equivalent bare cylinder, D =De = 19.05mm,
X/D = 2.67.
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The strength of the vortex shedding process is investigated by extracting the velocity
components at the vortex shedding frequency out of the frequency spectra across the
wake. Figure 5.5 shows the profiles of the velocity perturbation peak at the main vortex
shedding component, u′(fv), and its first harmonic, u′(2fv), for the bare and finned
cylinders. These data points are extracted from the peaks in velocity spectra around
Strouhal number of 0.2 and 0.4, respectively, refer to Figure 5.2. For the bare cylinder
case, Figure 5.5a shows that the vortex shedding component exhibits maximum peaks
around Y /D ≃ ±0.67 and decays at farther distances. For the finned cylinder case, the
vortex shedding component exhibits maximum peaks around the same Y /D but they are
significantly higher than those of the bare cylinder. It is also noticed from Figure 5.5b
that the strength of the first high harmonic of the vortex shedding peak is higher in the
case of the finned cylinder than that of the bare cylinder. The sharpness and strength
of the vortex shedding component indicate that the existence of the fins enhances the
vortex shedding process. The increase of the high harmonics strength also indicates that
the flow field becomes unstable and vulnerable to flow instabilities [82].
The vortex shedding process downstream of bare and finned cylinders is further in-
vestigated at different downstream distances. These downstream distances are 25.4, 50.8,
and 76.2 mm downstream of the cylinder centreline, which corresponds to X/D = 1.333,
X/D = 2.67, and X/D = 4, respectively. It is observed that the width of the cylinder’s
wake and the wake spread angle, or divergence, does not change with the addition of fins,
as shown in Figure 5.6. The difference in the mean velocity profile deficit between the
bare and finned cylinder, refer to Figure 5.4a, is further observed at the other downstream
measurement locations. The vortex shedding components resulting from the finned cylin-
der remain higher than those resulting from the bare cylinder at all of the downstream
locations, as shown in Figure 5.7. The figure also shows a decay in the strength of the
vortex shedding process of the bare cylinder at farther downstream distances from the
cylinder. This indicates that the strength of the vortex shedding process dies out with
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Figure 5.6: Mean velocity profiles at different downstream distances from the cylinder’s
centreline, solid circle shows the outer fin diameter of the finned cylinder while the dotted
circle represent a bare cylinder having D =De.
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Figure 5.7: Vortex shedding component profiles at different downstream distances from
the cylinder’s centreline, solid circle shows the outer fin diameter of the finned cylinder
while the dotted circle represent a bare cylinder having D =De.
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the downstream distance until it can not be differentiated from the total turbulence in-
tensity of the flow field. Similar behaviour is observed for the finned cylinder but the
decay rate is slower than that of the bare cylinder, which indicates that the effect of the
strong vortex shedding process of the finned cylinder is carried for farther distances into
its wake.
5.2.1 Effect of fin parameters on the vortex shedding strength
The effect of the fin parameters on the wake profiles downstream of the finned cylinder
is investigated following the same procedure shown in the previous section. The mean
velocity deficits of the three finned cylinders (I, II, and III) are shown in Figure 5.8a. All
of these measurements are performed at a flow velocity corresponding to Re = 2.4 × 104
and the hot-wire was located at a distance downstream of the centreline of the cylinder
corresponding to X/De = 2.67. The bare cylinder in this comparison is equal to the root
diameter, 12.7 mm, because it is constant for all of the cases and very close to the effective
diameter of finned cylinder III. It is observed that the mean velocity deficit approaches
that of the bare cylinder as the fin thickness decreases or as the fin spacing increases.
Such behaviour is obtained although the total turbulence intensity in the wake of each of
the three cylinders is almost identical, as shown in Figure 5.8b. As mentioned earlier, the
larger velocity deficit indicates a larger momentum loss carried by the wake. This means
that as the fin spacing increases the momentum loss subtracted from the flow forming
the wake downstream of the cylinder increases.
The strength of the main vortex shedding component across the wake of each finned
cylinder is shown in Figure 5.9a. It is observed that the strength of the vortex shedding
is proportional to the fin thickness and inversely proportional to the fin spacing. Similar
conclusion can be drawn from the peaks of the first high harmonic, as shown in Figure
5.9b. The effect of the fins in the case of finned cylinder I is significantly different from
the bare cylinder while finned cylinder III has a relatively small difference. In other
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words, the wake structure approaches that of the bare cylinder as the fins’ effects on the
wake are reduced by the decrement of fin thickness or increment of fin spacing. Similar
conclusion is drawn from measurements at different downstream distances (not shown
here for the sake of brevity).
5.3 Flow Coherence Downstream of Bare and Finned
Cylinders
The flow coherence is measured downstream of finned and bare cylinders in order to
determine the effect of the strong vortex shedding process, which results from the fins,
on the flow structures along the cylinder’s span. In order to determine the best location
for performing the flow coherence measurements, the hot-wire signal is correlated to
surface fluctuations at the shoulder of the cylinder, i.e. 90 degrees from the leading
stagnation point. The dynamic variations of these surface fluctuations are measured
by a microphone through a surface pressure tap. This means that hot-wire signal can
be correlated to the shear layer separation from the cylinder. It is observed that the
correlation coefficient exhibits an asymmetrical nature due to the fact that the hot-wire
probe is moving in a vertical plane while the pressure tap is fixed on the cylinder’s surface.
Therefore, the two signals become out of phase, i.e. negative correlation, as the hot-wire
moves below the cylinder’s centreline.
The vertical correlation profile is of a significant importance as it shows that the
highest correlation coefficient between the two points is obtained when the hot-wire
probe is located just outside the cylinder’s wake, i.e. around Y /D = 2. As the hot-
wire probe dives into the wake, around Y /D = 1, the correlation coefficient decreases
rapidly indicating the significant difference between the vortex shedding that occurs at
the cylinder’s surface and the perturbations sensed by the hot-wire at the edge of the
wake. Afterwards, around Y /D = 0.67, the two signals gain better correlation but became
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Figure 5.8: Profiles of the (a) mean velocity deficit and (b) velocity perturbations down-
stream of the different finned cylinders.
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Figure 5.9: Profiles of the strength of the (a) vortex shedding component and (b) the
first higher harmonic downstream of the different finned cylinders.
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Figure 5.10: Vertical profiles of the correlation coefficient across the wake of a bare
cylinder.
out of phase due to the periodic nature of the vortex shedding. The better correlation
in this case can be attributed to the high velocity fluctuations at the vortex shedding
frequency, refer to Figure 5.9a. At this locations, the hot-wire senses higher vortex
shedding component and therefore, gives better correlation to the vortex sheet emerging
from the cylinder’s surface. Similar behaviour is observed as the hot-wire goes through
the opposite side of the wake, Y /D ≤ 0. Yet, the correlation coefficient profile is inverted
due to the periodic nature of the flow field. It is also observed that the correlation
coefficient drops at larger distances, Y /D > 2.5 or Y /D < 2.5, as the hot-wire probe is
completely outside the wake region and minimal vortex shedding is sensed.
The correlation coefficient variations across the wake are also captured by traversing
two hot-wire probes together vertically in order to investigate the best height, Y /D, for
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performing the spanwise coherence measurements. A spanwise spacing of 38.1 mm, i.e.
△Z/D = 2, is kept between the two hot-wires in order to obtain reasonable variations in
the correlation coefficient. Figure 5.11 shows a comparison between the vertical correla-
tion coefficient profile for the bare and finned cylinders. In the bare cylinder’s case, the
correlation coefficient profile starts with low values when the hot-wires are away from
the cylinder, i.e. Y /D ≥ 2.5, then it increases and reaches its maximum value around
Y /D ≈ 2. The correlation coefficient decreases gradually as the two hot-wires go through
the wake edge, around Y /D = 1, then it decreases rapidly as the two hot-wires research
the wake centreline, i.e. Y /D = 0. These results conforms well to the results shown
earlier using a hot-wire and a pressure tap and show that the best elevation to perform
the spanwise flow coherence is at Y /D = 2.
For finned cylinder I case, the correlation coefficient exhibits a relatively similar pro-
file. Yet, it is shown that the fins create a better flow field correlation around the cylinder.
This is demonstrated by two observations. First, the finned cylinder gives higher values
for the correlation coefficient when the two hot-wires are around the same elevation com-
pared to the bare cylinder. Secondly, the correlation coefficient profile doesn’t rapidly
fall to lower values as the two hot-wires approach the cylinder’s centreline. This indicates
that, although the wake region is highly chaotic region in both cases, the finned cylinder
retains a relatively high correlation across the wake’s region. It is also observed that the
best elevation for performing the spanwise flow coherence is around Y /De = 2.
The relationship between the correlation coefficient and the flow velocity is investi-
gated in order to determine the proper velocity for the flow coherence measurements. In
order to capture such a relation, the two hot-wires are fixed at a certain elevation, with
respect to the cylinder’s wake, then the flow velocity is swept. An elevation of Y /D = 2 is
used as it gives the best correlation coefficient results. For the bare cylinder case, Figure
5.12 shows that the correlation coefficient depends on the value of Reynolds number in
a relatively small range, Re ≤ 5 × 103, then it asymptotes to a constant value, around
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Figure 5.11: Comparison of the vertical profiles of the correlation coefficient between two
hot-wires across the wakes for the bare and finned cylinders, △Z/De = 2.
Figure 5.12: The correlation coefficient versus the Reynolds number for bare and finned
cylinders, Y /De = 2, △Z/De = 2.
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0.65, which indicates that the flow velocity does not further affect the flow coherence
measurements. Similar behaviour is obtained for the finned cylinder with the notice that
the correlation coefficient asymptotes to a higher constant value, around 0.77. This in-
dicates that the flow coherence for the finned cylinder is always higher than that of the
bare cylinder independent of the flow velocity.
The spanwise flow coherence is measured by traversing the movable hot-wire probe
laterally along the cylinder’s span at a given elevation. Hence, the correlation coefficient
is expected to start from a high value, close to 1, and decay with the increase of the
separation between the two hot-wires. For the bare cylinder’s case, the spanwise flow
coherence experiences a typical profile along the cylinder’s span that is in good agreement
with various results from the literature, as shown in Figure 5.13. The hot-wires elevation,
Y /D = 2, is selected because it gives the highest correlation coefficient across the wake,
as shown earlier in Figure 5.11, and the measurements at this elevation gives the most
comparable results to the results in the literature. For finned cylinder I case, the spanwise
flow coherence is also measured at hot-wires elevation of Y /De = 2 and compared to that
of the bare cylinder. Figure 5.14 shows a comparison between the spanwise flow coherence
of the bare and finned cylinders at this elevation. It is observed that the finned cylinder
experiences a better spanwise flow coherence that is evidenced by a lower decay rate for
the coherence profile.
The correlation length, λ, is defined as the average size of the vortex shedding sheet
from the cylinder’s surface. It can be estimated by integrating the correlation coefficient





The upper limit of the integration is set to infinity following the theoretical definition
of the correlation length. However, in practical application, the integration is performed
until the correlation is completely lost, i.e. ideally at the point where R = 0. The corre-
lation length is used in further comparisons as it provides a single comparison parameter
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Figure 5.13: Comparison of the spanwise flow coherence downstream of a bare cylinder
to results from the literature.
that represents the spanwise flow coherence downstream of a cylinder. For the bare
cylinder’s case, the correlations length value is equal to 2.27 D, which agrees with the
reported values in the literature [40]. For finned cylinder I case, the better spanwise flow
coherence leads to a higher value of the correlation length, λ = 3.3De. This indicates
that the strong vortex shedding process of this finned cylinder, as shown in the previous
sections, leads to an enhanced and more coherent flow field.
5.3.1 Effect of fin parameters on the flow coherence
It was shown earlier that the variation of fin parameters affects the strength of the
vortex shedding process. Such an effect may be reflected on the spanwise flow coherence.
Therefore, the flow coherence downstream of different finned cylinders is investigated
following the same technique shown in the previous section. The same sets of finned
cylinders used in the previous chapter are considered for investigating the effect of fin
parameters on the flow coherence. Figure 5.15 shows the flow coherence along the span
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Figure 5.14: Comparison of the spanwise flow coherence of bare and finned cylinders,
Y /De = 2.
of each of the finned cylinders in the first set of finned cylinders (I, II, and III). The
measurements were performed at Y /De = 2 for each cylinder as it gives the best correlation
measurements as mentioned earlier and to ensure fair comparison between the results.
It is observed that finned cylinder I gives the highest spanwise flow coherence compared
to the other finned and bare cylinders. This conforms well to the previous results and as
the large fin thickness and small fin spacing provide a stronger vortex shedding process.
Thus, the strong vortex shedding process leads to a more coherent flow field. On the
other hand, as the fin thickness decreases, or fin spacing increases, the spanwise flow
coherence decreases and approaches that of the bare cylinder.
The effects of the fin spacing and thickness are independently investigated by testing
other sets of finned cylinders. In the second set of cylinders, the fin thickness is kept
constant, 1.5 mm, while the fin spacing is varied to 1.5, 2.5, and 4.85 mm giving finned
cylinders I, IV, and V; respectively. The fin densities of these cylinders are 8.47, 6.35,
and 4.0 fins/inch. In the third set of cylinders, the fin spacing is kept constant, 1.5
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Figure 5.15: Comparison of the spanwise flow coherence of the first set of finned cylinders,
Y /De = 2.
Figure 5.16: Spanwise flow coherence of the second set of finned cylinders showing the
independent effect of fin spacing, t = 1.5 mm, Y /De = 2
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Figure 5.17: Spanwise flow coherence of the third set of finned cylinders showing the
independent effect of fin thickness, s = 1.5 mm, Y /De = 2
mm, while the fin thickness is varied to 1.5, 0.75, and 0.35 mm giving finned cylinders
I, VI, and VII; respectively. The fin densities of these cylinders are 8.47, 11.3, and 13.7
fin/inch. Figure 5.16 and 5.17 show the spanwise flow coherence of the second and third
finned cylinders sets, respectively. It can be observed that the combined effect of the fin
parameters that was shown in Figure 5.15 is further obtained for each independent fin
parameter. Increasing the fin spacing, while keeping the fin thickness constant, results
in the reduction of the flow coherence along the cylinder’s span, as shown in Figure 5.16.
On the other hand, increasing the fin thickness, while keeping the fin spacing constant,
results in the increment of the flow coherence, as shown in Figure 5.17.
It can be concluded that the flow coherence of the finned cylinders approaches that
of the bare cylinder with the increment of the fin spacing or decrement of fin thickness.
This is further demonstrated by the estimation of the correlation length by integrating
the spanwise flow coherence profiles along each cylinder’s span. The correlation length
values estimated from the spanwise flow coherence confirm the conclusions stated above,
summarized in Table 5.1. The dependency of the flow coherence on the fin parameters
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Table 5.1: Summary of the correlation length values, λ/De, for different finned cylinders.
λ/De at Y /De = 2
Finned cylinder I 3.30
Finned cylinder II 3.02
Finned cylinder III 2.67
Finned cylinder IV 2.75
Finned cylinder V 2.29
Finned cylinder VI 2.89
Finned cylinder VII 2.49
Bare cylinder 2.27
can be expressed by the variation in the correlation length, as shown in Figure 5.18. As
the fin spacing increases, or fin thickness decreases, that correlation length approaches
that of the bare cylinder.
5.4 Summary and Conclusions
The wake structure and spanwise flow coherence downstream of a single finned cylinder in
cross-flow are investigated and compared to those of a bare cylinder. Upon inspecting the
velocity spectra across the wake of each cylinder, it is observed that the vortex shedding
component of the finned cylinder is significantly higher than that of the bare cylinder. It
is also shown that the first harmonic of the vortex shedding peak is higher in the case of
the finned cylinder than that of the bare cylinder. This indicates that the existence of the
fins enhances the vortex shedding process and leads to the generation of multiple strong
higher harmonics. The wake structures are captured at different locations downstream of
the finned cylinder and its equivalent bare cylinder. It is shown that the vortex shedding
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Figure 5.18: Variation of the correlation length versus the (a) fin spacing and (b) fin
thickness. Dotted line shows the correlation length for a bare cylinder.
Chapter 5. Flow Structures Downstream of Finned Cylinders 114
process is stronger along the cylinder’s wake and its strength does not decay rapidly as
that of the bare cylinder.
The spanwise flow coherence is characterized by estimating the correlation coefficient,
which is measured by comparing the velocity perturbations at variable points in the flow
field, using a movable hot-wire probe, to a fixed reference point. To determine the best
location for performing the spanwise flow coherence measurements, two techniques were
adopted to characterise the reference point. In the first technique, the reference point
is measured by a microphone that captures the surface pressure fluctuations through a
pressure tap at the surface of the cylinder. In the second measurements technique, the
reference point is measured by a stationary hot-wire that captures the velocity fluctua-
tions at certain points in the flow field downstream of the cylinder. The correlation of
the hot-wire signal to the surface pressure fluctuations showed that the best elevation for
performing the spanwise flow coherence measurements is at Y /D = 2. A similar vertical
correlation profile is obtained when two hot-wires move together across the cylinder’s
wake region. The spanwise flow coherence measurements are then performed by fixing
a hot-wire probe at the best elevation and move the other hot-wire probe along the
cylinder’s span.
It is shown that the finned cylinder provides a well-correlated region around the
cylinder. This indicates that the finned cylinder creates a more coherent flow structure
around the cylinder in comparison to the bare cylinder. The finned cylinder is also found
to provide a more coherent spanwise flow structure compared to its equivalent bare
cylinder, which is evidenced by higher values of the correlation length. Furthermore,
different finned cylinders having variable fin spacing and thickness were investigated in
order to capture their effects on the spanwise flow coherence. The larger fin thickness is
found to give a stronger vortex shedding process and subsequently, a better flow coherence
while the larger fin spacing is found to weaken the vortex shedding process and degrade
the flow coherence, approaching that of the bare cylinder. In all of the tested cases, the
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finned cylinders are found to enhance the spanwise flow coherence compared to the bare
cylinders.
The enhanced vortex shedding process, coherent flow around the cylinder, and better
spanwise flow structures can be related to the high intensity of the flow-excited acoustic
resonance of the finned cylinders reported in the previous chapter. The acoustic pressure
dependency on the fin parameters can be also understood by comprehending the flow
coherence measurements. The effect of the fin spacing and thickness on the wake structure
is directly reflected on the acoustic resonance excitation. It is shown that the larger fin
thickness leads to a stronger vortex shedding and better flow coherence, and subsequently,
increasing the levels of the acoustic resonance. On the other hand, the larger fin spacing
leads to a weaker vortex shedding and degrades the flow coherence. This leads to reducing
the acoustic resonance levels, approaching those of a bare cylinder.
Chapter 6
Numerical Simulations of the Flow
Structures Downstream of Finned
Cylinders
It is well-established that the vortex shedding process and wake structures downstream
of a cylinder directly affect the dynamic loading on the cylinder. Over the past three
decades, there have been an extensive number of investigations of the vortex shedding
patterns downstream of a cylinder subjected to a cross-flow, specially with the evolution
of advanced imaging and numerical simulation techniques. It is fairly assumed now that
such a simple geometry still exhibits a three-dimensional flow behaviour that affects the
flow coherence and dynamic loading on the cylinder. Therefore, the flow field downstream
of the cylinder should not be simply approximated by a two-dimensional representation.
The literature lacks an in-depth insight of the wake structures downstream of finned
cylinders and their effects on the vortex shedding process. The results shown in the
previous chapter indicate that the fins affect the vortex shedding process and the spanwise
flow coherence, which was captured by the localized hot-wire measurements. Therefore,
the objective of this chapter is to further elaborate the effects of the fins on the flow field
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by simulating the wake structures downstream of finned cylinders and comparing them
to those of the equivalent bare cylinder. The effect of the fins on the vortex shedding
mechanism in the near-wake region is essential in order to clarify the reason behind
the occurrence of a stronger vortex shedding process. Also, different finned cylinders
are investigated in order to further reveal the effect of fin spacing and thickness on
the wake structures. The wake structures downstream of bare and finned cylinders are
numerically simulated using state-of-the-art computational powers following a transient,
three-dimensional Large Eddy Simulation (LES) turbulence model.
6.1 Simulation of the Wake Structures Downstream
of Bare and Finned Cylinders
The bare cylinder under investigation has a diameter of 19 mm and length of 127 mm.
The simulated flow domain is 254 mm high (13.333 D), 127 mm wide (6.667 D), and 762
mm long (40 D), as shown in Figure 6.1. These dimensions are selected in order to ensure
simulating a realistic flow field as well as to ensure fair comparison with the observed
acoustic pressure and flow field measurements in the available test section. The cylinder
is fixed laterally in the middle of the flow domain height at 127 mm from the inlet. The
air flow is simulated at an inlet velocity of 20 m/s, which results a Reynolds number of
2.4×104. The Large Eddy Simulation (LES) turbulence model is used because it is proven
to be efficient in capturing both of the large and small scale eddies as well as accounting
accurately for the energy transfer between the two scales [83]. The very small scale,
i.e. Kolomongrov-scale, eddies are filtered out in order to reduce the computation cost.
Removing these Kolomongrov-scale vortices doesn’t affect the accuracy of the simulations
and the LES model is proven to accurately capture both of the hair-pin vortices and the
large-scale vortices downstream of the simulated cylinder [84].
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Figure 6.1: Drawing of the flow domain imported to the CFD simulations, dimensions
are in millimeters.
6.1.1 Meshing
The flow domain is meshed using unstructured tetrahedron elements. In order to reduce
the computational time, the flow domain is divided into five regions with different element
sizes, as shown in Figure 6.2, depending on the need for a fine mesh. The cylindrical
volume (A) adjacent to the simulated cylinder has an element size of 1 mm, rendering
the highest element density in the domain, as shown in Figure 6.3a. The subsequent
volumes, B, C, D, and E have element sizes of 2, 4, 6, and 8 mm; respectively. Such
meshing scheme results in about 5.2 × 106 elements for the bare cylinder case. In the
finned cylinders cases, a similar meshing scheme is followed for each case. Additionally,
the element size in the cylindrical volume (A) is further refined to 0.5 mm in order to
assure fitting a proper number of elements between each two fins, as shown in Figure
6.3b. This results in about 6.4 × 106 elements in the finned cylinder case.
The shear layer separation over the surface of the cylinder will directly affect the
vortex shedding mechanism in the near-wake region. Therefore, a fine inflation layer is
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Figure 6.2: Rendered image of the meshed flow domain showing the different mesh density
regions.
applied on the surface of the cylinder in order to capture the development and separation
of the boundary layer, as shown in Figure 6.3a. The thickness of the first inflation layer,
i.e. the height of first mesh cell adjacent to the wall, is 0.0122 mm, which is selected in
order to achieve a Y-plus value of 1 at the given Reynolds number. The growth rate of
the following layers is 1.3, up to a total of 12 layers. This scheme is followed in order
to assure fitting a number of layers in the viscous sublayer of the boundary layer. The
inflation layer refinement is also applied on all of the fins’ surfaces as well as on the root
and outer fin diameters, as shown in Figure 6.3b.
6.1.2 Model validation
The flow domain is simulated by the solution of the differential governing equations over
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Figure 6.3: Snapshots of the (a) inflation layer on the cylinder surface and (b) elements
fitted between the fins.
Chapter 6. Numerical Simulations of the Flow Structures 121
where ρ is the density and υi is the velocity component in the xi, where i = i, j, and k









where P is the pressure and Ṡ is the divergence of the turbulence stress tensor. This















This term usually exhibits a closure problem upon attempting the exact solution, as it
deals with the energy transfer between the viscous layers. Therefore, The Large Eddy
Simulations (LES) technique provides an approximation turbulence model for evaluating
this energy transfer [83].
The transient simulations of the cross-flow over a bare cylinder are carried out up
to a flow time of 1 second using the ANSYS FLUENT package, and implementing its
LES model. Based on an inlet velocity of 20 m/s and a cylinder diameter of 19 mm, the
periodic time of the vortex shedding process is 0.00476 second, following the Strouhal
number values from the literature. This means that a flow time of 1 second leads to the
generation of approximately 210 shedding cycles, which is sufficient to avoid the initial
solution residuals. A time step of 1 × 10−5 second is used for the transient solution and
the flow field data is sampled every 10 time steps, i.e. there will be around 47 recorded
data points within each cycle.
The drag and fluctuating lift forces are monitored on the surface of the cylinder, as
shown in Figure 6.4. It is observed that, after flow time of 0.1 seconds, the shedding
becomes consistent at a vortex shedding frequency of 220 Hz. The Strouhal number
based on this frequency is St = 0.209, drag force coefficient is CD = 1.01, and the RMS of
the fluctuating lift force is C ′L = 0.21. All of these results are in good agreement with the
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Figure 6.4: Sample of the fluctuating lift force coefficient (top) and drag force coefficient
(bottom) of a bare cylinder, D =19 mm.
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Figure 6.5: Comparison of the wake structure of a bare cylinder to (a) experimental and
(b) numerical results from the literature, mean flow is upwards.
experimental results in the literature [85, 86]. Figure 6.5 shows a top view of the wake
structures downstream of the simulated cylinder compared to results from the literature.
The figure shows good agreement between the captured wake structures and both of
the experimental and numerical results reported in the literature [5, 24]. Furthermore,
the mean flow velocity downstream of the cylinder can be extracted from the simulation
data for validating the simulation technique. Figure 6.6 shows a comparison between
the vertical mean velocity profile downstream of the cylinder versus experimental results
obtained via hot-wire measurements. The comparison shows excellent agreement between
the numerical and experimental results, which, in addition to the recorded values for the
dynamic forces, indicate that the used turbulence model and meshing scheme accurately
capture the wake structures downstream of the simulated cylinder.
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Figure 6.6: Comparison of the velocity deficit downstream of a bare cylinder obtained
from numerical and experimental results, D = 19.05 mm, X/D = 1.33.
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6.2 Comparison of the Wake Structures of Bare and
Finned Cylinders
The finned cylinder is simulated following the same model described in the bare cylinder
case, while accounting for the fins by refining the elements size in the near vicinity of
the cylinder. The same time step is used and the simulations were ran until consistent
fluctuations in the lift force coefficient are obtained. The first finned cylinder under
consideration, i.e. finned cylinder I, is compared to the bare cylinder discussed in the
previous section, which has the same effective diameter, D =De = 19 mm. The simulation
of finned cylinder I shows that the vortex shedding process follows a frequency of 224
Hz. The Strouhal number based on the effective diameter in this case is St = 0.21, which
is very close to that of the bare cylinder. The average drag force coefficient is found
to be CD = 1.61 and the RMS of the fluctuating lift force coefficient is C ′L = 0.61, as
shown in Figure 6.7. The increase in the values of the drag and fluctuating lift force
coefficients indicates that the finned cylinder exhibits higher dynamic loading compared
to the bare cylinder. It is fairly assumed that the dynamic loading on the cylinder is
strongly correlated to the strength of the vortex shedding process. The results of the
previous chapters show that this finned cylinder had a stronger vortex shedding velocity
component, better spanwise coherence, and higher acoustic resonance excitation levels
than the bare cylinder. Hence, the results of the numerical simulation can be used to
further explain this behaviour by providing flow visualizations of the wake structure
downstream of the cylinders.
The wake structures downstream of the bare and finned cylinders are represented by
tracking iso-surfaces of the normalized Q-criterion. The Q-criterion defines the localized
regions where there is an equilibrium between the average shear strain rate and the
vorticity magnitude [87]. In other words, the Q-criterion is proposed to precisely capture
the instantaneous eddies shedding due to separation against an adverse pressure gradient,
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Figure 6.7: Traces of the drag and fluctuating force coefficients for (a) bare and (b) finned
cylinder I, De =D = 19 mm.
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Figure 6.8: Comparison of the wake structures downstream of a bare cylinder (top)
and finned cylinder I (bottom). The iso-surfaces of constant normalized Q criterion are
colored by the spanwise vorticity, ωz, Re = 2.4 × 104.
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which has been adopted by many researchers in the literature to represent the vortex
shedding process [88]. The iso-surfaces of the normalized Q-criterion are coloured by the







as deduced from the definition of the total vorticity, ω = curl(U). The wake structures
downstream of the bare cylinder show the dominance of the small-scale vortices while,
on the other hand, the finned cylinder does not exhibit the same density of small-scale
vortices, as shown in Figure 6.8. Strong vortex cores are observed in the wake of the finned
cylinder and the large-scale vortices are more pronounced along the wake, compared to
the bare cylinder where the large scale vortex cores decay rapidly. This indicates that
the existence of the fins leads to organizing the flow field in a manner that discourages
the energy redistribution to the small-scale vortices. Thus, the large-scale vortices are
retained with vorticity levels higher than those of the bare cylinder.
Figure 6.9 shows different perspective views of the wake structures downstream of
the bare and finned cylinder. It can be estimated from the top view of the bare cylinder
wake, Figure 6.9a, that the small-scale vortices have an average wavelength of around
one diameter, i.e. an average of 7 to 8 hair-pin vortices along the 127 mm cylinder span,
which agrees with experimental results in the literature [10]. For the finned cylinder case,
Figure 6.9b shows that the density of the small-scale hair-pin vortices is much smaller
than that of the bare cylinder, i.e. an average of 2 to 3 hair-pin vortices along the 127 mm
cylinder span. Furthermore, Figure 6.9c shows that the interaction and diffusion of the
small-scale vortices with the large-scale vortices downstream of the bare cylinder leads
to a highly non-organized flow field in the near-wake. On the other hand, the generation
of small-scale vortices in the finned cylinder case is delayed farther downstream of the
cylinder, as shown in Figure 6.9d. This leads to delaying the interaction between the
large-scale and small-scale vortices, and hence, the flow field in the near-wake of the
finned cylinder remains organized.
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Figure 6.9: Different perspective views of the wake structure downstream of a bare
cylinder and finned cylinder I, De =D = 19 mm.
Chapter 6. Numerical Simulations of the Flow Structures 130
Figure 6.10: Distribution of the transverse vorticity, ωy, along lateral plane at Y /D = 0.5
for (a) bare cylinder and (b) finned cylinder I, De =D = 19 mm.
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The higher dynamic loading characteristics of the finned cylinder indicate that the
finned cylinder exhibits a stronger vortex shedding process in the near-wake of the cylin-
der. The strength of the vortex shedding process can be attributed to the reduction
of the small-scale vortices as shown before. It is crucial to gain insight into the vortex
shedding mechanism that leads to the reduction of such vortices. Therefore, the flow field
is further investigated at lateral planes cutting through the fins. These lateral planes are
extracted from the flow field so that the transverse vorticity, ωy, can be inspected, as







which is deduced from the definition of the total vorticty, ω = curl(U). The transverse
vorticity depends on the variations of the velocity components u and w along the span-
wise, Z, and streamwise, X, axes; respectively. Figure 6.10a shows the transverse vorticity
for a bare cylinder along a lateral plane located at 0.5 D above the cylinder centreline,
i.e. tangent to the cylinder surface. The figure shows completely random variations
in the transverse vorticity field. This is due to the generation of random vortex dislo-
cations that vary the velocity components in an inconsistent and disorganized manner.
Hence, the resulting vorticity field is completely random, which allows the induction of
the small-scale vortices and break-up of the large-scale vortices. For the case of finned
cylinder I, Figure 6.10b, the lateral plane is located at 0.5 Deff , which means that it
cuts through the middle of the fins’ height. The distribution of transverse vorticity along
this plane shows less random variations. In fact, the flow going through the fins shows
counter-acting vortices shedding that seem to cancel out themselves as the flow travels
farther downstream. Due to this mechanism, the transverse vorticity variation seems to
be more organized and loses the chaotic nature, in contrast to what is shown for the
bare cylinder case. Farther downstream, the transverse vortices show no variations and
decay gradually. Hence, the organized vortex shedding of the finned cylinder can be
attributed to the elimination of the chaotic transverse vortices, or vortex dislocations, in
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the near-wake of the cylinder. Therefore, the large-scale vortices can retain their energy
that leads to the strong vortex shedding process.
The existence of the cylinder in a cross-flow leads to the deformation of the mean
velocity streamlines around the cylinder. Afterwards, the velocity streamlines fluctuate
comprising the cylinder wake, as shown in Figure 6.11. This leads to the generation of the
circulation zone in the near-wake of the cylinder, which exhibits a mean velocity deficit
compared to the main stream. The figure shows that the bare cylinder exhibits a larger
velocity deficit in the near-wake region compared to the finned cylinder. This can be
attributed to the injection of high velocity jet-like flow emanating from the empty spaces
between the fins, which will be explained in details later. Hence, the velocity deficit in
the wake region is smaller than that of the bare cylinder, which leads to reducing the
vortex formation stretch and condensing the highly oscillatory zone in the vicinity of the
cylinder. As a result, the dynamic loading on the finned cylinder is higher than that
of the bare cylinder, as evidenced by the values of the drag and fluctuating lift force
coefficients.
This can be further demonstrated by averaging the instantaneous flow field variables
over a number of shedding cycles. Figure 6.12 shows the averaged streamwise velocity
downstream of the bare and finned cylinders, averaged over 10 shedding cycles. It can be
observed that the vortex formation region downstream of the finned cylinder is smaller
than that of the bare cylinder. This agrees with the velocity deficit measurements re-
ported in the previous chapter, whereas the finned cylinder experiences a smaller velocity
deficit than the bare cylinder at a given downstream distance. The vortex formation re-
gion can be further represented by extracting the streamwise velocity along the wake
centerline of each cylinder, as shown in Figure 6.13. The vortex formation length of the
bare cylinder is found to be around two diameters, which agrees with numerical [27] and
experimental results in the literature [89]. The finned cylinder exhibits a vortex forma-
tion length of 1.2 of the effective diameter, which is 60% of the vortex formation length
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Figure 6.11: Instantaneous deformation of the streamwise flow velocity (u component)
downstream of the bare cylinder (top) and finned cylinder I (bottom).
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Figure 6.12: Distribution of the average velocity downstream of (a) bare cylinder and (b)
finned cylinder I, De =D = 19 mm.
of the bare cylinder. Lin et al. [27] showed that the vortex formation length for a wavy
patterned cylinder is longer than that of the bare cylinder and used this argument in
explaining the corresponding lower dynamic loading on the cylinder. The observation
reported herein is in good agreement with that argument as the decrease in the vortex
formation length is associated with higher drag and fluctuating lift force coefficients, refer
to Figure 6.7.
The spanwise vorticity, i.e. Z-direction vorticity, can be averaged over a number of
shedding cycles to represent the shear layers downstream of the cylinder, as shown in
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Figure 6.13: Distribution of the average streamwise velocity along the wake centerline
for a bare cylinder and finned cylinder I, De =D = 19 mm. The experimental results are
from Kravchenko and Moin [89].
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Figure 6.14: Distribution of the average spanwise vorticity downstream of (a) bare cylin-
der and (b) finned cylinder I, De =D = 19 mm.
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Figure 6.14a. It is clear that the rolling of the shear layer creates a strong vorticity core at
a distance that corresponds roughly to the vortex formation length. The circulation of the
vortex cores emerging from both sides of the cylinder is cancelled at the wake centreline,
while the strong-circulation cores are shifted above or below the wake centreline, as
shown in Figure 6.14a. Having the strong vortex cores at approximately Y = ±0.5D is
in good agreement with the hot-wire measurements presented in the previous chapter,
refer to Figure 5.5a. The localized hot-wire measurements showed that the strongest
vortex shedding component occurs at approximately Y = ±0.6D, which indicates that
the spanwise vorticity showed herein gives a proper representation for the strength of the
vortex shedding process. The elongation of the vortex formation region downstream of
the bare cylinder corresponds to a relative elongation of the strong vortex cores locations.
For the case of finned cylinder I, the shortening of the vortex formation region downstream
of the cylinder corresponds to a concentration of the strong shear layer roll-up region in
the near-wake of the cylinder. This indicates that the shear layers will roll closer to the
cylinder and hence, the strong vortex cores will be closer and causing higher fluctuating
forces on the cylinder, which is demonstrated by the high values of the dynamic forces
coefficients.
6.3 Effect of Fin Parameters on the Wake Structures
The previous section concludes that finned cylinder I exhibits a stronger vortex shedding
process, and hence, higher dynamic loading, compared to the bare cylinder. This is
attributed to the reduction of the small-scale vortices due to the elimination of transverse
vorticity by the flow through the fins. Hence, the effect of varying the fin spacing on the
flow field, and subsequently the dynamic loading on the cylinder, should be investigated.
The flow fields downstream of three different finned cylinders are numerically investigated
using the same simulation technique. The finned cylinders under consideration (I, II,
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Figure 6.15: Variation of the dynamic loading on the finned cylinders versus the fin
spacing showing (a) the drag force coefficient and (b) fluctuating lift force coefficient.
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and III) have different fin spacing and thickness but the fin density is constant (8.47
fins/inch). The simulations are performed using the same flow domain, turbulence model,
and simulation parameters. The mesh elements were modified, when required, to always
ensure fitting a proper number of elements between the fins, while accounting for the
inflation layer. The Strouhal number estimated from the simulations of finned cylinder
I, II, and III is 0.21, 0.206, and 0.198; respectively. These Strouhal number values were
based on the effective diameter of each finned cylinder, which indicates that the use of
the effective diameter collapses the results appropriately to that of the bare cylinder.
The drag and fluctuating lift force coefficients are monitored along the surface of each
finned cylinder. The averaged drag force coefficient and RMS of the fluctuating lift force
are calculated from the simulations, as shown in Figure 6.15. It is observed that as the
fin spacing increases the drag and fluctuating lift force coefficients decrease, approaching
that of the bare cylinder. This means that the fin spacing has a significant effect on
the flow development over the cylinder and into the wake, which affects the near-wake
structures and hence, the dynamic loading on the cylinder.
The effect of the fin parameters can be further investigated by inspecting the spanwise
vorticity iso-surfaces, as shown in Figure 6.16. The figure shows the previously discussed
finned cylinder I, Figure 6.16a, that exhibits a substantial reduction of the small-scale
vortices downstream of the cylinder. With the increase of the fin spacing, the density
of the small-scale vortices increases, as shown in the case of finned cylinder II in Figure
6.16b. For the case of finned cylinder III, having the largest fin spacing, it is observed that
the flow field is considerably dominated by the small-scale vortices. The flow field in this
case is very close to that of the bare cylinder, which means that with the increase of the
fin spacing, the intensity of the large-scale vortex cores is reduced, energy is redistributed
to the smaller scale vortices, and hence the flow field approaches that of the bare cylinder.
This observation can be further represented by inspecting a different perspective view of
the wake structures downstream of each finned cylinder, as shown in Figure 6.17. The
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Figure 6.16: Comparison of the spanwise vorticity isosurfaces, ωz, for (a) finned cylinder
I, (b) finned cylinder II, and (c) finned cylinder III.
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density of the small-scale vortices is very low for the case of small fin spacing, as shown
in Figure 6.17a, while they are more dominant in the case of large fin spacing, as shown
in Figure 6.17c.
The elimination of the small-scale vortices with the small fin spacing can be attributed
to the opposite transverse vorticity shedding between the fins, as shown in Figure 6.18a.
The distribution of the transverse vorticity downstream of the fins is shown at a lateral
plane cutting through Y = 0.5De for each finned cylinder. For finned cylinder I, each
two transverse vorticities emanating from the two side of each fin are counter-acting
each other. Thus, the transverse vorticity loses its strength and gradually disappears
downstream of the cylinder. As the fin spacing increases, the transverse vorticity shedding
downstream of the fins becomes less consistent and spot-like random vortices, or vortex
dislocations, appear downstream of the cylinder, as shown in Figure 6.18b. For the
largest fin spacing case, Figure 6.18c, the density of these spot-like vortices increases
significantly. The generation of these spot-like vortices becomes very random, and hence,
the resulting small-scale vortices create a highly chaotic flow field.
Further explanation can be obtained from tracking the averaged flow velocity along
the wake centreline for each finned cylinder, as shown in Figure 6.19a. The vortex
formation length of finned cylinder I is the smallest, which corresponds to the largest
drag and fluctuating lift force coefficients. The vortex formation length increases with the
increase of the fins spacing approaching the value that was obtained for the bare cylinder,
as shown in Figure 6.19b. The increase of the vortex formation region corresponds to an
increase in the vortex cores location with respect to the cylinder. Thus, this trend agrees
with the approach of the dynamic force coefficients to the values of the bare cylinder
with the increase of the fins spacing.
The increase in the vortex formation length with the increase of the fin spacing can be
attributed to the injection of a lower speed flow into the near-wake, emanating from be-
tween the fins. This jet-like flow effect occurs due to the entrainment of the flow between
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Figure 6.17: Top perspective view of the spanwise vorticity iso-surfaces, ωz , for (a) finned
cylinder I, (b) finned cylinder II, and (c) finned cylinder III.
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Figure 6.18: Distribution of the transverse vorticity, ωy, along lateral plane at Y /D =
0.5De for (a) finned cylinder I, (b) finned cylinder II, and (c) finned cylinder III.
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Figure 6.19: (a) Distribution of the averaged flow velocity along the wake centerline for
the finned cylinders and (b) the variation of vortex formation length with the fin spacing.
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the fins. The boundary layer developed at both sides of each fin leads to accelerating the
flow in the centreline of the empty fin spacing. This can be further comprehended by
approximating the boundary layer development over the surface of each fin by that of a
flow over a flat plate. Using Blasius boundary layer approximation, the boundary layer
emanating from each side of the fins can be represented, as shown in Figure 6.20. The
larger fin spacing leads to a slower flow between the fins and a farther location of the
boundary layer intersection, as shown in Figure 6.20c. On the contrary, the jet-like flow
accelerates between the fins for the smaller fin spacing, and therefore it gives a faster
flow injection into the near-wake of the cylinder, which eventually leads to the reduction
the vortex formation length. This can be further shown by averaging the streamwise flow
velocity, u component, over a horizontal plane cutting through Y = 0.5De. It is observed
that the small fin spacing leads to a guided high speed flow between the fins. By the time
the flow goes through the separated shear layer, it gains a higher flow velocity due to
the entrainment between the fins. For the large fin spacing, the flow separates earlier, as
shown in Figure 6.21c. The flow streamlines are not further guided as what was observed
in the case of small fin spacing. Therefore, the flow separates earlier and a lower velocity
is fed to the near-wake region.
Figure 6.22 shows a schematic representation of the flow separation mechanism over
the cylinder’s surface. Both of Figure 6.22a and Figure 6.22b show the case of a bare
cylinder, where the separated shear layer rolls over at a relatively large distance, as
shown before. For finned cylinder I case, the flow is guided between the dense fins and
therefore, it is being injected at high velocity into the near-wake of the cylinder, causing a
shorter roll over distance and a shorter vortex formation region, as shown in Figure 6.22c.
For finned cylinder III case, the flow is not guided as the previous case, because finned
cylinder III has a larger fin spacing. Hence, the shear layer roll up occurs at relatively
larger distance, as shown Figure 6.22d, causing the stretching of the vortex formation
region with the large spacing, as explained earlier.
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Figure 6.20: Development of the boundary layer from both sides of each fin using the
theoretical Blasius’ boundary layer approximation, Y /De=0.5.
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Figure 6.21: Distribution of the streamwise velocity at a horizontal plane cutting through
Y /De=0.5 for different finned cylinders.
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Figure 6.22: Schematic representation of the separated flow from the cylinder’s surface
(a) 2D representation, courtesy of Gerrard [2], (b) 3D separation from a bare cylinder,
(c)3D separation from finned cylinder I, and (d) finned cylinder III.
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6.4 Summary and Conclusions
The vortex shedding process downstream of an isolated finned cylinder is investigated
using a Large Eddy Simulation (LES) turbulence model and compared to that resulting
from a single bare cylinder. The vorticity patterns are inspected in order to characterize
the effect of the fins on the vortex shedding process downstream of the cylinder. Moreover,
several finned cylinders are investigated in order to capture the effect of fin spacing on
the vorticity patterns downstream of the cylinder. Visualization of the simulated wake
structures shows that the fins lead to a more organized flow field downstream of the
cylinder, compared to a bare cylinder having the same effective diameter. It is also
observed that the large-scale spanwise vortices are dominant in the case of a finned
cylinder having a small fin spacing. This can be attributed to the generation of consistent
counter-acting vortices that lead to the elimination of the vortex dislocations, and hence,
the small-scale vortices in the transverse planes. The bare cylinder does not exhibit a
similar counter-acting vortices shedding and therefore, the flow field downstream of the
bare cylinder is dominated by the vortex dislocations and the resulting random small-
scale vortices. This leads to a highly chaotic flow field and as a result, a larger vortex
formation region. The larger vortex formation region means that the vortex cores will
be located at farther distances from the cylinder. Therefore, the dynamic loading on the
bare cylinder is less than that of the finned cylinder.
The nature of the resulting flow field is directly reflected on the dynamic loading on the
cylinder. The finned cylinder exhibits larger drag and fluctuating lift force coefficients,
compared to the bare cylinder. This can be attributed to the observation that the fins
guide the flow streams going over the surface of the cylinder. The flow speeds as it
travels between the fins, hence feeding higher flow velocity into the near-wake region.
This results in a shorter vortex formation region and closer vortex cores to the cylinder,
which explains the higher dynamic loading. Additionally, as the fin spacing increases, the
flow does not gain the same speed and separates at earlier location from the cylinder’s
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surface. This allows for the stretching of the vortex formation region and subsequently, an
increase of the occurrence of the spot-like vortices, or vortex dislocations, which increase
the density of the small-scale vortices. Therefore, it is observed that with the increase of
the fin spacing, the vortex formation length increases, and the dynamic loading on the
cylinder decreases approaches that of the bare cylinder.
Chapter 7
Effect of the Cylinder’s Aspect
Ratio on the Acoustic Resonance
Excitation Levels
The results shown in the previous chapters present a complete characterization of the
flow structures and acoustic resonance excitation downstream of finned cylinders. The
strong vortex shedding process resulting from a finned cylinder is directly correlated to an
enhancement in the spanwise flow coherence and subsequently, an elevated acoustic res-
onance excitation levels. Such conclusion is also supported by the visualization of vortex
shedding patterns downstream of the finned cylinder using numerical simulations. This
characterization is also presented for different finned cylinders in order to demonstrate
the effect of fin thickness and spacing on the flow-sound interaction mechanism. Upon
critical investigation of the recent results in the literature, one study in particular dealt
with the flow-excited acoustic resonance of finned cylinders and showed contradicting
results. Eid and Ziada [39] investigated the flow-excited acoustic resonance of a single
finned cylinder and reported that the finned cylinder gives lower acoustic pressure than
the bare cylinder. They also investigated the response of two tandem finned cylinders
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where they reported a contradicting observation. The two finned cylinders produced
higher acoustic resonance excitation than the two bare cylinders. Thus, it is crucial to
explain such an opposite conclusion knowing the results presented herein. The main
difference between the work of Eid and Ziada [39] and this work is the aspect ratio of the
tested cylinders. Their investigation was carried out in a 254 mm high and 76.2 mm wide
test section, which results in a cylinder aspect ratio of l/D = 4.8. The results presented in
the previous chapters were carried out in a 254 mm high and 127 mm wide test section,
which results in a cylinder aspect ratio of l/D = 8.1. Hence, it is fair to assume that the
aspect ratio of the tested cylinder plays a vital role in determining the acoustic resonance
excitation levels. Therefore, the objective of this chapter is to present and clarify the
effect of the cylinder’s aspect ratio on the acoustic resonance excitation downstream of
bare and finned cylinders. This is investigated for a wide range of cylinder’s aspect ratios,
i.e. l/D = 3 to l/D = 14, as well as for different fin parameters.
7.1 Comparison with Results from the Literature
For the sake of fair comparison, finned cylinder XIII and XIV were manufactured out
of aluminium rods following the same fins’ dimensions reported in Eid and Ziada’s work
[39]. Finned cylinder XIII has a fin thickness of 0.38 mm and fin spacing of 4.02 mm,
rendering a fin density of 5.31 fins/inch and effective diameter of 15.7 mm, while finned
cylinder XIV has a fin thickness of 0.38 mm and fin spacing of 1.82 mm, rendering a fin
density of 9.84 fins/inch and effective diameter of 16.3 mm. These cylinders, along with
their equivalent bare cylinders, were tested in a test section having the same dimensions
reported in Eid and Ziada [39], i.e. 76.2 mm in width (3 inches). Figure 7.1a shows a
comparison between the aeroacoustic response results obtained in this test section and
the results from Eid and Ziada [39]. It is clear that both of the bare and finned cylinders’
results are in good agreement with the work of Eid and Ziada [39], when tested in the same
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Figure 7.1: Comparison of the aeroacoustic response of bare and finned cylinders from
the current work against results from Eid and Ziada [39] performed in (a) small width
test section, 76.2 mm, and (b) medium width test section, 127 mm.
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width test section. This confirms that, when measurements were performed in the small
aspect ratio test section, the finned cylinder may seem to reduce the acoustic resonance
excitation. When the same cylinders were tested in the larger aspect ratio test section,
as presented in previous chapters, the finned cylinder gave a higher acoustic pressure
that is comparable to that of the bare cylinder, as shown in Figure 7.1b. The difference
between the finned and bare cylinder is realtivly small in this case because the fin spacing
is very large, which will impact the acoustic pressure as explained before. However, it is
noticeable that the acoustic pressure was not significantly reduced like what was observed
in the small aspect ratio case, Figure 7.1a. In fact, when comparing the results of the two
aspect ratios, the peak acoustic pressure in the bare cylinder decreased from 0.9 to 0.43
while the peak acoustic pressure in the finned cylinder increased from 0.11 to 0.45. Same
observation were obtained for other bare cylinders and finned cylinder XIV. This means
that the acoustic resonance excitation levels depend significantly on the aspect ratio and
the behaviour trend is not the same between the bare and finned cylinders. This indicates
that the effect of the aspect ratio was overlooked in the work of Eid and Ziada [39] and
therefore, its effect on the acoustic resonance excitation needs to be investigated, which
will be shown in detail in following sections.
7.2 Effect of Aspect Ratio on the Acoustic Reso-
nance Excitation
The previous comparison indicates that the aspect ratio plays an important role in de-
termining the levels of acoustic resonance excitation. Thus, the aeroacoustic response of
the bare and finned cylinders is further investigated in three aspect ratio test sections.
The test sections’ heights are kept constant at 254 mm while the width is varied between
76.2, 127, and 177.8 mm. Therefore, the three test section aspect ratios, W/H, under
consideration are 0.3, 0.5 and 0.7, respectively. For ease of comparison, the aspect ratio,
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AR, is represented by the ratio of the cylinder length to diameter, i.e. l/D, rather than
the test section width to height ratio. Two finned cylinders were considered, finned cylin-
der I and XIII, and their equivalent bare cylinders, D= 19.05 and 15.7 mm, respectively.
Figure 7.2 shows a comparison of the aeroacoustic responses of bare cylinders in the three
test sections. It is observed that the maximum generated acoustic pressure during the
resonance decreases with the increase of the cylinder’s aspect ratio. For the finned cylin-
ders’ cases, an inverse behaviour is obtained. The generated acoustic pressure during the
resonance increases with the increase of the aspect ratio, as shown in Figure 7.3a. This
is observed for the two cases, finned cylinder I and XIII, although they have different fin
thickness and spacing. Finned cylinder I generally has higher acoustic resonance levels
and earlier onset compared to finned cylinder XIII as it has a larger fin thickness and a
smaller fin spacing, as shown in Figure 7.3b. This effect is observed in the three aspect
ratios, i.e. in the three test sections. Both cylinders show an increase in the acoustic
pressure peaks with the increase in the cylinder’s aspect ratio, in contrast to what was
observed in the cases of bare cylinders.
This investigation is performed for several cylinder diameters to cover a wide range
of cylinder’s aspect ratio. The maximum acoustic pressure peak observed during the
resonance for each case is extracted and plotted against the cylinder’s aspect ratio. Figure
7.4 shows the effect of the aspect ratio on the maximum acoustic pressure of bare and
finned cylinders. It is shown that the maximum acoustic pressure is proportional to the
aspect ratio in the case of the finned cylinders, while the contrary is observed for the
bare cylinders. Since the acoustic field characteristics did not change, as the standing
wave is excited in the vertical direction, i.e. along the test section height, the observed
variation has to be emanating from the flow field characteristics for each case. Therefore,
the effect of the cylinder’s aspect ratio on the flow field downstream of the bare and
finned cylinders needs further clarification.
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Figure 7.2: Comparison of the aeroacoustic response of a bare cylinder in three aspect
ratios, (a) D=15.7 mm and (b) D = 19.05 mm.
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Figure 7.3: Comparison of the aeroacoustic response of a finned cylinder in three aspect
ratios, (a) finned cylinder XIII and (b) finned cylinder I.
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Figure 7.4: Effect of the aspect ratio on the maximum acoustic pressure for (a) bare
cylinders and (b) finned cylinders.
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7.3 Effect of Aspect Ratio on the Vortex Formation
Region
The behaviour of the acoustic pressure versus the aspect ratio in the bare cylinder case
seems to agree with the behaviour of the fluctuating lift force, as reported in the literature.
It is reported that the small aspect ratio leads to a larger dynamic loading on the cylinder
[47, 90]. Thus, the variation of the acoustic pressure with aspect ratio in the case of bare
cylinders can be comprehended. However, this observation is inverted in the case of finned
cylinders, which indicates that the fins alter the flow field in the near-wake of the cylinder
in a manner that is different from the bare cylinders. This issue can be investigated by
comparing the mean velocity deficit profile downstream of the bare and finned cylinders in
different aspect ratios. Figure 7.5 shows comparisons between mean velocity deficit of the
bare and finned cylinders in the medium aspect ratio from the current work, AR=8.06,
and the results of the bare and finned cylinders in the small aspect ratio, AR=4.84, from
Eid and Ziada’s work [39]. It is observed that the finned cylinder experiences a velocity
deficit that is relatively close to that of the bare cylinder in the medium aspect ratio,
AR=8.06, as shown in Figure 7.5a. When considering the results of Eid and Ziada [39], it
is noticed that the bare cylinder experiences a significantly different velocity deficit than
that of the finned cylinder. In fact, the finned cylinder maintained its velocity deficit
profile in the two aspect ratios, while the profile of the bare cylinder has a considerable
change. This indicates that the finned cylinder maintains the near-wake structures while
the bare cylinder is the one that has been affected by the aspect ratio.
To further clarify the effect of the aspect ratio on the near-wake formation downstream
of the bare and finned cylinders, numerical simulations of the flow field in different
aspect ratios were performed. The simulations followed the same scheme presented in the
previous chapter. Finned cylinder I and its equivalent bare cylinder, D= 19.05 mm, were
considered in the three aspect ratios. The streamwise velocity along the wake centreline
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Figure 7.5: Mean velocity profile of bare and finned cylinders in test section having a
width of (a) W = 127 mm from current work and (b) W= 76.2 mm from the work of Eid
and Ziada [39].
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Figure 7.6: Averaged streamwise velocity along the wake’s centreline downstream of (a)
bare and (b) finned cylinder.
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downstream of each cylinders were extracted and averaged over a number of shedding
cycles. Figure 7.6a shows the variation of the averaged streamwise velocity in the three
aspect ratios for the bare cylinder case. It is observed that the near-wake structure is
stretched with the increase of the aspect ratio, which is evidenced by the increase of the
vortex formation length. Stretching the vortex formation region means that the vortex
cores will roll-up at farther locations from the cylinder. Therefore, the dynamic loading
on the cylinder will be reduced and similarly the acoustic resonance excitation levels will
decrease. On the other hand, the finned cylinder does not experience the same behaviour
as its near-wake structure is intact with the increase of aspect ratio. The variations in
vortex formation length is very small and does not depend on the variation in the aspect
ratio. This behaviour is shown before, Figure 7.5, when the mean velocity profile of the
bare cylinder has changed while the finned cylinder’s profile was the same, when tested in
two different aspect ratios. The conservation of the vortex formation region means that
the vortex cores will roll-up at the same downstream distance from the cylinder. Hence,
increasing the aspect ratio, by increasing the finned cylinder’s length, is accompanied
by an increase in the acoustic pressure because of the increase of the volume of the
same-strength acoustic source downstream of the cylinder.
7.4 Summary and Conclusions
The effect of aspect ratio on the flow structures downstream of bare and finned cylinders
is characterised using a combination of numerical and experimental investigations. The
acoustic pressure measurements were performed for different bare and finned cylinders in
three test sections. All of the test sections have the same height but different width, and
hence, giving different aspect ratios for the tested cylinders. The numerical simulations
of the flow field were performed in three flow domains corresponding to the three test
sections. The effect of the aspect ratio on the flow structures and acoustic resonance
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excitation can be summarised as follows:
 The acoustic pressure levels generated from the flow-excited acoustic resonance of
a bare cylinder decreases with the increase of aspect ratio. This is investigated for
different bare cylinder diameters and aspect ratios. This agree with the results from
the literature for the variation of the dynamic loading, i.e. fluctuating lift force,
with the aspect ratio. On the other hand, the acoustic pressure levels generated
from the flow-excited acoustic resonance of a finned cylinder increases with the
increase of aspect ratio.
 The mean velocity deficit downstream of a bare cylinder is found to be dependant
on the aspect ratio. This indicates that the near-wake structures downstream of
the bare cylinder is highly affected by the aspect ratio. It is observed that the
bare cylinder exhibits a larger velocity deficit with the increase of the aspect ratio.
Conversely, the mean velocity deficit downstream of the finned cylinder is found
to be independent of the aspect ratio. The velocity deficit downstream of finned
cylinders remains constant with the increase of aspect ratio.
 The vortex formation length downstream of the bare cylinder increases with the
increase of the aspect ratio. This means that the vortex cores, developing in the
near-wake of the cylinder, are stretched and located at farther distance with the
increase of the aspect ratio. This leads to a reduced dynamic loading on the cylinder
and consequently, a lower acoustic pressure with the increase of aspect ratio. For
the finned cylinder case, the fins maintain an organized vortex shedding pattern
downstream of the cylinder. The fins guide the flow development into the near-wake
and the flow separation and circulation occur at the same locations independent
of the aspect ratio. Hence, the vortex formation length doesn’t change with the
increase of the aspect ratio. This indicates that the vortex cores are developed at
the same location downstream of the finned cylinder. In this case, the increase of the
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aspect ratio means adding more physical length of the organized flow, i.e. increasing
the aspect ratio mean adding more cells or modules of the well-organized flow. This
leads to increasing the excitation source volume and therefore, the resulting acoustic
pressure is proportional to the aspect ratio.
Chapter 8
Conclusions
8.1 Summary and Conclusions
The flow-sound interaction mechanism of isolated finned cylinders is experimentally and
numerically investigated in this thesis. An open-loop wind tunnel is constructed in a
modular manner, allowing the investigation of different aspects of the flow over isolated
cylinders. First, the aeroacoustic response of bare and finned cylinders is characterized
by investigating the acoustic pressure levels of the flow-excited acoustic resonance. This
investigation is performed on several bare and finned cylinders in order to elaborate
the effect of the circular-straight fin parameters on the self-excited acoustic resonance.
A wide range of fin thicknesses, spacings, and densities, as well as cylinder’s aspect
ratio, are tested in order to fully characterize their effects on the acoustic resonance
excitation. Secondly, intensive wake characterization measurements are performed in
order to determine the effect of the fins on the vortex shedding process downstream of
the cylinder. Such characterization is performed on different bare and finned cylinders
to correlate any changes in the flow field, due to the fin parameters, to the observations
of the acoustic pressure measurements. Finally, numerical simulations of the flow field
downstream of the finned cylinders are performed in a similar-size flow domain. The
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purpose of the simulations is to provide more insight into the separated shear layer
development into the near-wake of the bare and finned cylinders.
It is shown that the finned cylinders experience an earlier acoustic resonance and
higher levels of acoustic pressure compared to their equivalent bare cylinders. The use of
the effective diameter, which is previously proposed in the literature, fails to give a good
prediction of the acoustic resonance onset or levels resulting from the finned cylinders.
It is also observed that the acoustic pressure significantly depends on the fin parameters
such as fin thickness and spacing. The acoustic pressure increases with the increase of
fin thickness, while, on the other hand, it decreases with the increase in fin spacing.
The flow structure measurements revealed that the fins lead to the development of
a stronger vortex shedding process downstream of the cylinder. Such observation is
demonstrated by stronger peaks in the velocity spectra as well as the generation of
stronger numerous high harmonics. This strong vortex shedding process leads to an
enhanced spanwise flow coherence compared to the bare cylinders. Additionally, similar
dependency on the fin parameters was observed. It is shown that a larger fin thickness
leads to a stronger vortex shedding and better flow coherence. On the other hand, a
larger fin spacing leads to weakening the vortex shedding process and degrading the flow
coherence. In all of the tested cases, adding circular straight fins to the cylinder leads to
a better flow coherence compared to the bare cylinder.
Finally, the flow field downstream of different finned cylinders is numerically simu-
lated using a Large Eddy Simulation (LES) turbulence model. The flow visualizations
reveal the reason behind the enhanced flow coherence and strong vortex shedding process
downstream of finned cylinders. It is shown that the finned cylinders exhibit a significant
reduction in the random small-scale vortices and hence, all of the flow energy is concen-
trated in the spanwise large-scale vortices. The fins organize the flow going through the
adverse pressure gradient over the surface of the cylinder. This leads to a well-organized
flow field that has an inherently smaller vortex formation region. This shorter formation
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region means that the cylinder will exhibit high dynamic loading, which explains the re-
sultant acoustic resonance excitation. This is further investigated for different cylinder’s
aspect ratios. It is shown that the bare cylinder experiences adverse three-dimensional
effects with the increase of aspect ratio. The vortex formation region is elongated with
the increase of the cylinder’s length, which leads to lower acoustic pressure. On the
contrary, the finned cylinder maintains the size of its vortex formation region with the
increase of the cylinder’s length. Increasing the aspect ratio of the finned cylinder only
means adding more cells of the well-organized flow field. Hence, the acoustic pressure is
proportional to the aspect ratio of the finned cylinders.
8.2 Research Contributions
The thesis in-hand presents a fundamental understating of the complex flow-sound in-
teraction mechanism of isolated finned cylinders in cross-flow. Several experimental and
numerical investigations were intertwined to reach the following contributions:
1. The flow-excited acoustic resonance resulting from finned cylinders was thoroughly
quantified and compared to that of equivalent bare cylinders. The dependency of
the acoustic resonance excitation levels on the fin parameters was revealed for the
first time.
2. The vortex shedding process and spanwise flow coherence were characterized for a
single cylinder fitted with straight circular fins. The effect of the fins on the flow
coherence was correlated to the observed self-excited acoustic resonance.
3. Visualizations of the simulated flow structures downstream of the finned cylinders
provide an essential understating of the development of the large- and small-scale
vortices. Additionally, the role of the small-scale vortices on the flow coherence,
and subsequently, acoustic resonance excitation was clearly revealed. The effect of
Chapter 8. Conclusions 168
the fin parameters on the near-wake structures and acoustic resonance excitation
is clearly comprehended.
4. The contradictions in the literature concerning the effect of the aspect ratio on the
acoustic resonance excitation are resolved. It is shown that both of the finned and
bare cylinder may give opposite response when tested at different aspect ratios.
The reason for such a different response is explained by both of the experimental
results and numerical flow simulations.
8.3 Recommendations for Future Work
The work in-hand covers the flow-sound interaction mechanism of a single finned cylinder
in cross-flow. Knowing that the general goal of this field of research is to overcome the
problems of flow-excited acoustic resonance in tube bundles of heat exchangers, it would
be crucial to extend this investigation to multiple cylinders configurations. Thus, it is rec-
ommended to further investigate the effect of fins on tandem, side-by-side, and staggered
tube configurations. One of the main output of this thesis is concluding that the vortex
formation region downstream of a finned cylinder may differ from that downstream of a
bare cylinder. Therefore, it is also recommended to investigate the effect of longitudinal
spacing between finned cylinders in an in-line row of tubes on the acoustic resonance
excitation. The previously determined values for the proximity interference region may
be affected by the variations in the size of the vortex formation region resulting from
finned cylinders.
Some of the conclusions presented here-in emanated from flow visualization using LES
numerical simulations. It is recommended to experimentally perform these flow visual-
izations in the existence of acoustic resonance in order to further explain the flow-sound
coupling of finned cylinders. Similar attention should be directed to different types of
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fins. Preliminary results obtained during this investigation showed that certain types
of fins may give similar response, such as twisted serrated fins, while other fin types
may give opposite response, such as helically-wound spiral fins. Any fin inclination with
respect to the streamwise flow direction may deviate the flow streams and cause incom-
parable behaviours. The experimental flow visualizations may resolve this contradiction
by showing the flow-sound coupling mechanism in each of these cases.
Finally, it is recommended to include the effect of the aspect ratio in any further
investigations related to the flow-excited acoustic resonance phenomenon. The results
of this thesis showed that the aspect ratio significantly affects the acoustic resonance
excitation levels downstream of both of the bare and finned cylinders.
8.4 Supporting Publications
The work presented herein was published and discussed in a number of international
venues. The setups and experimental procedures developed during this work were also
used in investigating other configurations such as shallow cavities, in-line, and side-by-
side cylinders. This lead to a number of publications are follows:
Journal articles (6)
1. Arafa N., and Mohany A., Experimental and Numerical Investigation of the Flow-
Sound Interaction Mechanism of a Single Finned Cylinder in Cross-Flow, Experi-
ments in Fluids, (to be submitted), 2017.
2. Omer A., Arafa N., and Mohany A., The Effect of Upstream Edge Geometry on
the Acoustic Resonance Excitation in Shallow Rectangular Cavities, International
Journal of Aeroacoustics, Vol. 15, No. 3, pp. 253-275, 2016.
3. Arafa N., and Mohany A., Aeroacoustic Response of a Single Cylinder with Straight
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Circular Fins in Cross-Flow, ASME Journal of Pressure Vessel Technology , Vol.
137, No. 5, pp. 051301, 2015.
4. Arafa N., and Mohany A., Flow-Excited Acoustic Resonance of Multiple Isolated
Cylinders in Cross-Flow, ASME Journal of Pressure Vessel Technology , Vol. 138,
No. 1, pp. 011302, 2015.
5. Arafa N., Tariq A., Mohany A., and Hassan M., Effect of Cylinder Location in-
side a Rectangular Duct on The Excitation Mechanism of Flow-excited Acoustic
Resonance, Canadian Acoustics, Vol. 42, No. 1, pp. 33-40, 2014.
6. Arafa N., and Mohany A., Developments and Recent Patents in Thermoacoustic
Devices, Journal of Recent patents in Mechanical Engineering , Vol. 5, pp. 79-88,
2012.
Refereed Conference proceedings (4)
1. Arafa N., and Mohany A., Effect of Straight Circular Fins on the Flow Struc-
tures and Acoustic Resonance Excitation of A Single Cylinder in Cross-Flow, 11th
International Conference on Flow-Induced Vibration , Netherlands, 2016.
2. Arafa N., and Mohany A., Flow-Excited Acoustic Resonance of Single Finned
Cylinder in Cross- Flow, ASME Pressure Vessel and Pipelines Technology Con-
ference , Paper No. PVP2014-28785, USA, 2014.
3. Arafa N., Mohany A., and Hassan M., On The Flow-Excited Acoustic Resonance
of Isolated Cylinder(s) in Cross-Flow, ASME Pressure Vessel and Pipelines Tech-
nology Conference , Paper No. PVP2014-28784, USA, 2014.
4. Omer A., Arafa N., Mohany A., and Hassan M., The Effect of Upstream Edge
Geometry on the Acoustic Resonance Excitation in Shallow Rectangular Cavities,
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ASME Pressure Vessel and Pipelines Technology Conference , Paper No. PVP2014-
28859, USA, 2014.
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Appendix A
Uncertainty Analysis
This appendix shows the results of the uncertainty analysis for the measured quanti-
ties presented herein. Any dependent measured quantity, X, depends on a number of
parameters, Xi, which can be given by:
X = f(X1, X2, X3, ...) (A.1)
Hence, the measured quantity, X, is represented by:
X =X ± δX (A.2)
where X is averaged value of the measured quantity over N samples and δX is the
total uncertainty in the measured quantity. The total uncertainty of the quantity X is a
function of the known uncertainties of each of its independent variables using the Kline












where δXi is the known uncertainty for each variable Xi. Hence, the previous equation
gives the combined contribution made by the uncertainty of each variable to the total
uncertainty in the measured quantity X.
Based on this approach, the total uncertainty in the normalized acoustic pressure, P ∗,
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is a combination of the uncertainty in the measured acoustic pressure and flow velocity.
The formula for the normalized acoustic pressure is given by:




































Similarly, the total uncertainty in the Strouhal number can be estimated based on
the equation:
St = f D
U
(A.7)
Thus, the uncertainty in Strouhal number can be given by:













































where u1 and u2 are the measurements of two identical hot-wires placed at different
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Based on the previous formulation, the total uncertainty of each of the measured
quantities can be evaluated. For the flow velocity, the used pitot tube and manometer
configuration has an uncertainty of ±0.25% of the full scale. The maximum measured
velocity is 160 m/s and the minimum recorded velocity is 17.4 m/s. This gives a maximum
uncertainty of the velocity measurements of 2.29%. The pressure microphone has an
accuracy of ±1dB and the minimum recorded pressure is 107.9 dB. This gives a maximum
uncertainty of the pressure measurements of 0.93%. Hence, the total uncertainty of
the normalized acoustic pressure is 6.93%. For the Strouhal number measurements,
the resolution of the frequency recorded with the data acquisition card is 1 Hz and
the lowest recorded frequency is 64 Hz, which results in an uncertainty of 1.5%. The
cylinders were machined with a computerized CNC machine with an accuracy of 0.01
mm. For the diameter of 0.5 inch, this results in an uncertainty of 0.078%. This gives a
total uncertainty of the Strouhal number measurements of 2.74%. Finally, the hot-wires
have an uncertainty of 0.01% of the full scale. For a velocity of 20 m/s, the maximum
uncertainty becomes 0.2%, which lead to a total uncertainty of the correlation coefficient
of 0.28%.
